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1.0 INTRODUCTION 
Deve lop ing  wind energy f o r  deployment i n  e l e c t r i c  u t i l i t y  systems r e q u i r e s  t h e  
r e s o l u t i o n  o f  seve ra l  s i g n i f i c a n t  i ssues .  These i ssues  c o n f r o n t i n g  w ind  energy 
span t h e  bas i c  development o f  t he  techno logy  th rough i t s  deployment i n  t h e  
e l e c t r i c  u t i l i t y  env i ronment .  Two s i g n i f i c a n t  t r a n s i t i o n s  have occur red  w i t h  
t h e  technology,  f rom t h e  e l e c t r i c  u t i l i t y  v i e w p o i n t .  F i r s t ,  system des ign  has 
evo lved f rom a t tempts  t o  emulate a conven t iona l  power p l a n t  t o  c u r r e n t  des igns  
f o r  maximum wind energy cap tu re .  Second, e a r l y  concepts o f  "wind power p a r k s "  
embodied t h e  "nega t i ve  l o a d "  concept which a l l owed  f o r  a comp le te l y  u n c o n t r o l -  
l e d  p r o d u c t i o n  p r o f i l e  o f  wind power t o  t o d a y ' s  n o t i o n  o f  a managed p r o d u c t i o n  
p r o f i l e  u t i l i z i n g  e x t e n s i v e  c o n t r o l  w i t h i n  a wind power s t a t i o n  (WPS); i . e . ,  a 
group o f  i n d i v i d u a l  wind t u r b i n e s ;  and c o o r d i n a t i o n  w i t h  u t i l i t y  o p e r a t i o n s .  
A l though s t u d i e s  have been conducted on a number o f  these r e l e v a n t  i ssues ,  
many remain unresolved.  
l h i s  document o rgan izes  t h e  t o t a l  range o f  u t i l i t y  r e l a t e d  i ssues ,  rev iews wind 
t u r b i n e  c o n t r o l  and dynamic c h a r a c t e r i s t i c s ,  i d e n t i f i e s  t h e  i n t e r a c t i o n  o f  wind 
t u r b i n e s  t o  e l e c t r i c  u t i l i t y  systems, and i d e n t i f i e s  areas f o r  f u t u r e  research .  
l h e  m a t e r i a l  i s  o rgan ized a t  three l e v e l s :  t h e  wind t u r b i n e ,  i t s  c o n t r o l s  and 
c h a r a c t e r i s t i c s ;  connect ion  s t r a t e g i e s  as d i spe rsed  o r  WPSs; and the  composi te  
i s s u e  o f  p l a n n i n g  and o p e r a t i n g  the e l e c t r i c  power system w i t h  wind generated 
e l e c t r i c i t y .  
2.0 WIND TURBINE ISSUES 
l h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  wind t u r b i n e s  i n t e r c o n n e c t e d  w i t h  e l e c t r i c  
u t i l i t i e s  a r e  s t r o n g l y  dependent on t h e  des ign  d e t a i l s  o f  t h e  e l e c t r i c a l  gen 
e r a t o r ,  t he  mechanical  d r i v e  t r a i n  and t h e  va r ious  wind t u r b i n e  c o n t r o l  s y s  
terns. l o  date ,  no s tandard i zed  des ign has evo lved as e f f o r t s  c o n t i n u e  t o  
o p t i m i z e  wind t u r b i n e  performance i n  t h e  u t i l i t y  env i ronment .  I n  t h i s  s e c t i o n ,  
wind t u r b i n e  des igns and c o n t r o l s  a r e  d iscussed i n  t h e  c o n t e x t  o f  t h e i r  impact  * 
on t h e  behav io r  and c o m p a t i b i l i t y  o f  wind t u r b i n e s  i n t e r c o n n e c t e d  w i t h  e l e c t r i c  
u t i l i t y  systems. To f a c i l i t a t e  the d i s c u s s i o n ,  wind t u r b i n e  des igns a r e  c a t e -  
g o r i z e d  acco rd ing  t o  genera tor  r a t i n g  ( s m a l l  machines, l e s s  than 100 kW and 
l a r g e  machines, g r e a t e r  than 100 kW) and t h e  mode o f  r o t o r  o p e r a t i o n  ( c o n s t a n t  
versus v a r i a b l e  speed). W i t h i n  t h i s  c l a s s i f i c a t i o n  scheme, t h e  c h a r a c t e r i s t i c s  
o f  r e p r e s e n t a t i v e  des igns a r e  d iscussed a long  w i t h  t h e i r  dynamic behav io r  and 
t h e  q u a l i t y  o f  power produced. A d d i t i o n a l  machine issues  such as r e l i a b i l i t y ,  
p r o t e c t i o n ,  and s a f e t y  a r e  considered i n  S e c t i o n  3.0 and S e c t i o n  4 . 0 .  
2.1 Smal l  Wind Turb ine  C o n t r o l  C h a r a c t e r i s t i c s  
P r e s e n t l y  t h e r e  a r e  about  73 commerc ia l ly  a v a i l a b l e  smal l  w ind  t u r b l n e s  r a t e d  
between 0.025 and 9 5  kW [l]. About 90 pe rcen t  o f  them a r e  h o r i z o n t a l  a x i s  o f  
which h a l f  o f  those opera te  upwind and t h e  remainder downwind. The m a j o r i t y  
o f  w ind t u r b i n e s  r u n  a t  n e a r l y  cons tan t  speed d r i v i n g  i n d u c t i o n  genera to rs .  
]here  i s  o n l y  one model t h a t  d r i v e s  a synchronous genera to r  w i t h  a t h r e e  phase 
A C - D C  r e c t i f i e r  ( v a r i a b l e  speed system) [l]. 
C o n t r o l s  f o r  smal l  w ind t u r b i n e s  a re  ve ry  s imp le .  Genera l l y  t h e  upwind 
machines a r e  d i r e c t e d  i n t o  t h e  wind by a t a i l  s t r u c t u r e ,  w h i l e  t h e  down wind 
machines use d rag  ( f r e e  yaw). Few w ind  t u r b i n e s  have a computer ized o r  mechan- 
i c a l  yaw c o n t r o l  t o  p o i n t  them i n t o  t h e  wind.  V e r t i c a l  a x i s  t u r b i n e s  do n o t  
I 
r e q u i r e  yawing. I n  genera l ,  t u r b i n e  speed i s  n o t  d i r e c t l y  c o n t r o l l e d ,  b u t  
t h e r e  a r e  overspeed mechanisms t o  a v o i d  t u r b i n e  damage. 
system i s  used t o  shut  down t h e  machine. 
t o  c o n t r o l  overspeed; however, t h e  most common means o f  power l i m i t a t i o n  i s  
s t a l l  r e g u l a t i o n .  Coning dev ices  may a l s o  be used t o  reduce t h e  r o t o r  a rea  by 
bending t h e  blades down i n  t h e  wind t o  s p i l l  excess power. Most manufac turers  
o f f e r  u n i t s  w i t h  au tomat ic  c o n t r o l  f o r  remote o p e r a t i o n  which r e q u i r e  l i t t l e  
owner a t t e n t i o n .  
I n  a d d i t i o n ,  a b r a k i n g  
Some t u r b i n e s  a l s o  i n c l u d e  t i p  brakes 
Small  v e r t i c a l  a x i s  wind t u r b i n e s  w i t h o u t  s e l f - s t a r t  c h a r a c t e r i s t i c s  may u t i -  
l i z e  t h e  genera tor  as a m o t o r  o r  i n c l u d e  an a d d i t i o n a l  motor t o  a s s i s t  t h e  
s t a r t u p  procedure. T y p i c a l l y ,  s t a r t u p  and shutdown sequences a r e  m ic rop ro -  
cessor  c o n t r o l l e d .  I n  v a r i a b l e  speed systems t h a t  a r e  connected t o  t h e  e l e c -  
t r i c  network (var iab le -speed,  cons tan t - f requency  o u t p u t ) ,  a d d i t i o n a l  c o n t r o l  
systems t o  r e g u l a t e  v o l t a g e  l e v e l s ,  r a t e  o f  change o f  c u r r e n t ,  e tc . ,  o f  t h e  
power c o n d i t i o n e r s  used i n  t h e  s t a t o r  o r  r o t o r  c i r c u i t s  o f  t h e  genera to rs  w i l l  
be r e q u i r e d .  I n  some cases, t h e  power c o n d i t i o n e r  i s  c o n t r o l l e d  by t h e  m i c r o -  
p rocessor  t o  match wind power t o  genera to r  power i n  o rde r  t o  o p t i m i z e  e l e c t r i c  
power o u t p u t .  I n  a d d i t i o n ,  t h e  mic roprocessor  cou ld  be used t o  mon i to r  wind 
speed and o t h e r  machine parameters.  The mic roprocessor  i s  used as a super- 
v i s o r y  c o n t r o l l e r  i n  a lmost  a l l  w ind t u r b i n e s .  
2 .2  Larqe Wind Turb ine  C o n t r o l  C h a r a c t e r i s t i c s  
Rated o u t p u t  power o f  commercial l a r g e  wind t u r b i n e s  v a r i e s  between 100 and 
600 kW. Roughly, e i g h t y - f i v e  pe rcen t  o f  these t u r b i n e s  a r e  h o r i z o n t a l - a x i s  
t y p e  machines. Constant -  and var iab le -speed megawatt c l a s s  machines have been 
developed ma in l y  f o r  research  purposes. However, a 2.5 MW ( M O D - 2 )  c o n s t a n t -  
speed wind t u r b i n e  b u i l t  by Boelng i s  c u r r e n t l y  opera ted  by P a c i f i c  Gas and 
E l e c t r i c  f o r  commercial purposes. A l l  machines i n  t h e  megawatt range (wh ich  
c u r r e n t l y  goes up t o  4 MW) have h o r i z o n t a l - a x i s  r o t o r  w i t h  t h e  e x c e p t i o n  o f  a 
4 MW v e r t i c a l - a x i s  machine under c o n s t r u c t i o n  i n  Canada. The f l r s t  l a r g e  wind 
t u r b i n e  designed t o  opera te  as a var iab le -speed,  cons tan t - f requency  system 
(VSCF)  i s  t h e  Danish Tv ind  machine. A l though i t  i s  r a t e d  a t  2 MW, t h e  gener- 
a t o r  power ou tpu t  i s  l i m i t e d  t o  900 kW [ 2 ] .  
The MOD-2 wind t u r b i n e  w i l l  be used t o  i l l u s t r a t e  t h e  p r i n c i p a l  c h a r a c t e r i s t i c s  
o f  a l a r g e  constant-speed, cons tan t - f requency  (CSCF) system. D e s c r i p t i o n  o f  
o t h e r  CSCF c o n f i g u r a t i o n s  can be found i n  e lsewhere [ 3 , 4 ] .  Even though t h e r e  
a r e  seve ra l  p o s s i b l e  c o n f i g u r a t i o n s  f o r  VSCF systems, o n l y  t h r e e  o f  them w i l l  
be d iscussed here t o  i l l u s t r a t e  t h e  c o n t r o l s  o f  p resen t  v a r i a b l e  speed systems. 
One o f  t h e  c o n f i g u r a t i o n s  i s  based on a wound r o t o r  i n d u c t i o n  genera to r  and 
c y c l o c o n v e r t e r .  A second one uses t h e  same t y p e  o f  genera to r  w i t h  a DC-current  
l i n k  c o n v e r t e r ,  and a t h i r d  uses a synchronous genera to r  p l u s  a power cond i -  
t i o n e r  t o  generate AC power a t  cons tan t  f requency .  
2.2.1 CSCF Systems MOD-2 
The MOD-2 wind t u r b i n e  c o n t r o l l e r  u t i l i z e s  a mic roprocessor  which a l s o  mon i to rs  
wind speed and the o p e r a t i o n a l  s t a t u s  o f  t h e  t u r b i n e  a l l o w i n g  remote o p e r a t i o n .  
One o f  t h e  microprocessor  c o n t r o l  f u n c t i o n s  i s  t o  keep t h e  n a c e l l e  p o i n t e d  i n t o  
t h e  wind t o  maxlmize energy c a p t u r e  (yaw c o n t r o l ) .  
b lade t i p s  i s  c o n t r o l l e d  by t h e  b lade  p i t c h  c o n t r o l  which o r i g i n a l l y  c o n s i s t e d  
o f  a c o n t r o l l e r  and an a c t u a t o r  represented  i n  E x h i b i t s  2-1.a and 2 - l . b ,  
P o s i t i o n  o f  t h e  movable 
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r e s p e c t i v e l y  [5]. For wind speed between c u t - i n  and r a t e d ,  t h e  b lade  p i t c h  
c o n t r o l  h e l d  t h e  b lades  a t  a f i x e d  ang le  o f  zero  degrees f o r  maximum power 
c a p t u r e  ( l o w  mode). For wind speeds between r a t e d  and c u t - o u t  t h e  p i t c h  con- 
t r o l  was a c t i v e  t o  s u s t a i n  cons tan t  r a t e d  power and hub speed ( h i g h  mode). I n  
t h e  h i g h  mode, the c o n t r o l  s t r a t e g y  was p r o p o r t i o n a l  c o n t r o l  over  t h e  hub speed 
e r r o r  and p r o p o r t i o n a l  p l u s  i n t e g r a l  c o n t r o l  over  t h e  e l e c t r i c a l  o u t p u t  power 
e r r o r .  E r r o r  s igna ls  represened a c t u a l  va lues  l e s s  scheduled va lues .  The 
b lade  p i t c h  angle command i n p u t  t o  t h e  a c t u a t o r  was processe th rough  a no tch  
f i l t e r  so t h a t  c o n t r o l  a c t i v i t y  d i d  n o t  accentua te  2p t o r q u e  d i s tu rbances  p r o -  
duced by wind shear, r o t o r  unbalance, tower  shadow, e t c .  Th s t y p e  of c o n t r o l  
based on generator  power p resented  seve ra l  d isadvantages [ 6 ]  
o E f f i c i e n c y  i s  o p t i m a l  a t  o n l y  one wind speed; 
o Turb ine c o n t r o l  cannot d i f f e r e n t l a t e  a power change 
ances i n  t h e  pr ime mover f rom changes i n  t h e  load;  
o S ince  the wind t u r b i n e  does n o t  have governor  droop 
i t  cannot share load; 
due t o  d i s t u r b -  
c h a r a c t e r i s t i c s ,  
o Due t o  t h e  wind t u r b i n e  d r i v e  t r a i n  c h a r a c t e r i s t i c s  ( l a r g e  t u r b i n e  
i n e r t i a ,  s o f t  s h a f t )  t h e  mechanical system may be s u b j e c t  t o  l i g h t l y  
damped o s c i l l a t i o n s  ( i n  t h e  case o f  t h e  M O D - 2 ,  t h e  speed c o n t r o l  was 
added t o  reduce these o s c i l l a t i o n s ) ;  
o I n  t h e  f i x e d  p i t c h  mode, o s c i l l a t i o n  induced by t h e  pr ime mover can 
be t r a n s m i t t e d  t o  t h e  power network; 
o For  mean wind speeds a t  o r  near r a t e d ,  t h e  b lade  p i t c h  c o n t r o l  w i l l  
be a c t i v e  on and o f f  due t o  t h e  power o s c i l l a t i o n s  induced by changes 
i n  wind speed; t h e r e f o r e ,  o s c i l l a t i o n s  o f  t h e  d r i v e  t r a i n  can be 
s t imu la ted .  
Due t o  power i n s t a b i l i t i e s  observed d u r i n g  t h e  M O D - 2  o p e r a t i o n  a t  wind speeds 
above t h e  machine's r a t e d  wind speed [ 7 ] ,  t h e  b lade  p i t c h  c o n t r o l  system has 
been m o d i f i e d  by Boeing Aerospace Company. The new b lade  p i t c h  c o n t r o l l e r  i s  
a c t i v e  below and above r a t e d  wind speeds. Tu rb ine  speed feedback i s  n o t  used 
anymore. Ins tead,  t h e  c o n t r o l  s t r a t e g y  i s  p r o p o r t i o n a l ,  d e r i v a t i v e  and i n t e -  
g r a l  over  t h e  e l e c t r i c  o u t p u t  power e r r o r .  T o t a l  p l a n t  g a i n  v a r i e s  w i t h  wind 
speed; 3 .e .  p l a n t  g a i n  decreases as wind speed inc reases  and v i c e  versa.  Wi th  
t h i s  t y p e  c o n t r o l l e r ,  t h e  l a s t  t h r e e  i t e m s  mentioned above a r e  no l onger  v a l i d ,  
l e a v i n g  t h e  MOD-2 c o n t r o l  system w i t h  o n l y  t h e  f o l l o w i n g  d isadvantages :  
o E f f i c i e n c y  i s  op t ima l  a t  o n l y  one wind speed; 
o Turb ine  c o n t r o l  cannot d i f f e r e n t i a t e  a power change due t o  
d is tu rbances  i n  t h e  pr ime mover f rom changes i n  t h e  l oad ;  and 
o The MOD-2 cannot share l o a d  because i t  does n o t  have governor  droop 
c h a r a c t e r i s t i c s .  
A d d i t i o n a l  work has been done t o  change t h e  e x i s t i n g  c o n t r o l  c h a r a c t e r i s t i c s  s o  
t h a t  p resen t  CSCF wind t u r b i n e s  c o u l d  behave as c o n v e n t i o n a l  g e n e r a t i o n  equ ip-  
ment t o  be i n t e g r a t e d  i n t o  any power system. Separate machine and system con- 
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t r o l  f u n c t i o n s  [ 3 ]  have been proposed f o r  wind t u r b i n e s  d r i v i n g  t h r e e  d i f f e r e n t  
types  o f  genera to rs  (synchronous, i n d u c t i o n ,  and wound r o t o r  i n d u c t i o n ) .  To 
ach ieve  t h a t  s e p a r a t i o n  of  c o n t r o l  systems, two a t t r i b u t e s  a r e  r e q u i r e d :  1) 
when s h a f t  t o rque  must be c o n t r o l l e d  by changing b lade  p i t c h  angle,  t h e  to rque  
c o n t r o l  l oop  should be i n s i d e  the  speed c o n t r o l  loop ,  and 2 )  t u r b i n e  c o n t r o l  
shou ld  be based on parameters measured a t  t h e  t u r b i n e  w i t h o u t  i n c l u d i n g  gener-  
a t o r  power. When i n t e r t i e d  t o  an e l e c t r i c  system, t h e  u t i l i t y  p rov ides  f r e -  
quency c o n t r o l ,  however, when connected t o  smal l  power systems o r  f o r  s tand-  
d;one opera t i on ,  wind t u r b i n e s  should i n c l u d e  a supplementary power c o n t r o l  
w i t h  i n t e g r a l  c h a r a c t e r i s t i c s  t o  emulate au tomat ic  g e n e r a t i o n  c o n t r o l .  S imula-  
t i o n  and t e s t  r e s u l t s  show t h a t  such C S C F  systems w i l l  p e r f o r m  adequate ly  
independent  o f  p e n e t r a t i o n  l e v e l .  However, t h i s  t y p e  o f  c o n t r o l  has n o t  been 
adopted on e x i s t i n g  CSCF wind t u r b i n e s .  
Most o f  t h e  C S C F  wind t u r b i n e s  d r i v e  synchronous o r  i n d u c t i o n  genera to rs .  
l h o s e  d r i v i n g  synchronous genera tors  have a genera to r  f i e l d  c o n t r o l l e r  t o  main- 
t a i n  e i t h e r  t e r m i n a l  vo l tage ,  power f a c t o r  o r  r e a c t i v e  power. Con t ra ry  t o  con- 
v e n t i o n a l  genera tors ,  t h e  MOD-2 e x c i t a t i o n  c o n t r o l l e r  i s  s e t  t o  m a i n t a i n  power 
f a c t o r  r a t h e r  than t e r m i n a l  vo l tage i n  o rde r  t o  enhance t u r b i n e  s t a b i l i t y .  
Those wind t u r b i n e s  w i t h  i n d u c t i o n  genera to rs  may r e q u i r e  c a p a c i t o r  banks o r  
s t a t i c  VAR compensators t o  p rov ide  r e a c t i v e  compensat ion.  
2.2.2 V S C F  Systems 
Two V S C F  c o n f i g u r a t i o n s  have been implemented on a MOD-0 w ind  t u r b i n e  a t  Plum 
Brook, Ohio.  Both c o n f i g u r a t i o n s  r e q u i r e  a wound r o t o r  i n d u c t i o n  g e n e r a t o r .  
One has a c y c l o c o n v e r t e r  (Westinghouse) and t h e  o t h e r  has a DC-cur ren t  l i n k  
c o n v e r t e r  (OMNION) i n  t h e  generator  r o t o r  c o n t r o l l e r .  S ince  t h e  system w i t h  
t h e  DC c u r r e n t  l i n k  c o n v e r t e r  recovers genera to r  r o t o r  power, i t  i s  f r e q u e n t l y  
c a l l e d  s l i p  recovery .  The cyc loconver te r  system a l s o  recovers  genera to r  r o t o r  
power. However, due t o  i t s  complex i ty  and c o n t r o l  c a p a b i l i t i e s ,  i t  w i l l  be 
r e f e r r e d  t o  as the  advanced system. Any o t h e r  c o n f i g u r a t i o n  such as a synchro-  
nous genera to r  and DC-current l i n k  c o n v e r t e r  i n  s e r i e s  w i t h  t h e  s t a t o r  o r  an 
i n d u c t i o n  s q u i r r e l  cage r o t o r  w i t h  DC-vo l tage l i n k  c o n v e r t e r  w i l l  a l s o  be 
r e f e r r e d  t o  as advanced systems. B r i e f  d e s c r i p t i o n s  o f  t h e  MOD-0 t u r b i n e  con- 
t r o l ,  t h e  OMNION s l i p  recove ry  and t h e  Westinghouse advanced systems a r e  
i n c l u d e d  i n  t h i s  s e c t i o n .  I n  a d d i t i o n ,  two o t h e r  advanced systems implemented 
o u t s i d e  t h e  Un i ted  S ta tes  a r e  a lso  desc r ibed :  1 )  t h e  Growian (Germany) which 
has a cyc loconver te r ,  and 2)  t h e  Tv ind  (Denmark) which i s  based on a synchro-  
nous genera to r  i n  s e r i e s  w i t h  a r e c t i f i e r / i n v e r t e r  power c o n d i t i o n e r .  
2.2.2.1 MOD- 0 Turb ine  C o n t r o l  System 
l h e  MOD-0 wind t u r b i n e  c o n t r o l l e r  i s  based on a mic roprocessor  system. The 
mic roprocessor  c o n t r o l  program a l lows b o t h  manual and au tomat ic  c o n t r o l .  I n  
t h e  manual mode, t h e  opera to r  i npu ts  t h e  commands and parameters f rom a t e r m i -  
n a l  t o  execute a p a r t i c u l a r  f u n c t i o n .  I n  t h e  au tomat i c  mode, t h e  main program 
uses system c o n t r o l  d e f a u l t s .  One o f  t h e  c o n t r o l  f u n c t i o n s  i s  t o  keep the  
n a c e l l e  p o i n t i n g  i n t o  t h e  wind t o  maximize energy c a p t u r e  (yaw c o n t r o l ) .  Note,  
however, t h a t  i n  r e c e n t  years yaw c o n t r o l  has always been manual. S t a r t u p ,  
synch ron iza t i on ,  shutdown, and normal o p e r a t i o n  a r e  a l s o  c o n t r o l l e d  by t h e  
mic roprocessor .  
i n i t i a t e  s t a r t u p  and shutdown sequences, and m o n i t o r i n g  o f  d i f f e r e n t  machine 
o p e r a t i n g  parameters t o  meet sa fe ty  requ i rements .  A d e t a i l e d  d e s c r i p t i o n  o f  
t h e  c o n t r o l  system can be found elsewhere [ 4 ] .  
Other  f u n c t i o n s  i n c l u d e  m o n i t o r i n g  o f  wind and power o u t p u t  t o  
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S t a r t u p  can be performed i n  two d i f f e r e n t  ways acco rd ing  t o  t h e  p r e v a i l i n g  wind 
c o n d i t i o n s .  I f  the  wind speed i s  h i g h  enough, t h e  t u r b l n e  can be s t a r t e d  by 
p i t c h i n g  t h e  blades acco rd lng  t o  t h e  main program o r  w l t h  o p e r a t o r  ass l s tance .  
F o r  l o w  t u r b i n e  speeds, t h e  Westinghouse system can be opera ted  as a v a r i a b l e  
speed motor t o  b r i n g  t h e  t u r b l n e  speed near synchronous. S ince  t h e  cyc locon-  
v e r t e r  now I n  p lace has a f requency l i m i t a t i o n  o f  30 Hz ,  m o t o r i n g  i s  p rec luded 
up pas t  one-ha l f  o f  synchronous speed. However, w i t h  l i t t l e  a c c e l e r a t i o n  f rom 
t h e  wind a t  t h a t  p o i n t ,  t h e  c o n t r o l  mode can be s h i f t e d  t o  g e n e r a t i o n  and syn- 
c h r o n i z a t i o n  can be accomplished a t  16 pe rcen t  below synchronous speed. I n  t h e  
case o f  t h e  OMNION system o r  t h e  i n d u c t i o n  genera to r ,  a h y d r a u l i c  s t a r t e r  motor 
i s  used t o  b r i n g  t h e  t u r b i n e  speed near synchronous speed. Dur ing  p a r t  o f  t h e  
s t a r t u p  procedure and p r i o r  t o  synch ron iza t i on ,  t h e  wind t u r b i n e  i s  p laced 
under p r o p o r t i o n a l  p l u s  i n t e g r a l  speed c o n t r o l  t o  vary  b lade  p i t c h  ang le .  Once 
t h e  genera to r  i s  connected t o  t h e  network t h e  t u r b i n e  c o n t r o l l e r  w i l l  go i n t o  
t h e  power genera t i ng  mode. 
l h e  b lade  p i t c h  c o n t r o l  c h a r a c t e r i s t i c s  a r e  p r o p o r t i o n a l  p l u s  i n t e g r a l  on hub 
speed e r r o r  (see  E x h i b i t  2-2)  t o  m a i n t a i n  hub speed w i t h i n  l i m i t s  over  t h e  
e n t i r e  power genera t i ng  range, w h i l e  o u t p u t  power i s  r e g u l a t e d  by t h e  genera to r  
Hub Speed 
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Speed Generated 
EXHIBIT 2-2 HOD-0 Blade P i t c h  Contr-ol Diagram 
r o t o r  c o n t r o l l e r .  I t  i s  i m p o r t a n t  t o  p o i n t  o u t  t h a t  t h e  c y c l o c o n v e r t e r  con- 
t r o l l e r  and t h e  t u r b i n e  b lade  p i t c h  c o n t r o l l e r  ope ra te  comp le te l y  independent 
o f  each o t h e r .  However, t h e  p i t c h  c o n t r o l  can a l s o  be commanded t o  o p t i m i z e  
p i t c h  ang le  accord ing  t o  an op t ima l  p i t c h  versus speed cu rve .  Th is  f e a t u r e  i s  
a v a i l a b l e  i n  t h e  wind power match ing c o n t r o l  mode of t h e  Westinghouse advanced 
s y s t e m  b u t  has not been u t i l i z e d  y e t  [ a ] .  I n  t h i s  c o n t r o l  mode t h e  t u r b i n e  
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c o n t r o l l e r  w i l l  m a i n t a i n  t h e  balance between generated and wind powers. 
s l i p  recovery  system has t h e  p o t e n t i a l  f o r  t h i s  c o n t r o l  f e a t u r e  [ 9 ] ;  however, 
no c o n t r o l  has y e t  been implemented t o  p r o v i d e  t h i s  c a p a b i l i t y .  
The 
The Westinghouse advanced system can a l s o  opera te  i n  a speed mode i n  which t h e  
system s imu la tes  a synchronous genera tor ,  and i n  a cons tan t  power mode i n  wh ich  
power o u t p u t  w i l l  be cons tan t  assuming s u f f i c i e n t  wind power i s  a v a i l a b l e .  Con- 
s t a n t  speed and cons tan t  power may a l s o  be s e t  manua l ly  f o r  t he  s l i p  recove ry  
system. However, t h i s  system can o n l y  a t  t h e  moment be s e t  f o r  cons tan t  gener-  
a t o r  r o t o r  c u r r e n t  o r  cons tan t  genera tor  r o t o r  c u r r e n t  s l i p .  
2 .2.2.2 M O D - 0  VSCF Generat ing Systems 
Both g e n e r a t i n g  sy5tems (Westlnghouse and OMNION) implemented on the  MOD 0 d t  
Plum Brook use a 60 H z ,  1 p o l e ,  200 kva, 0 .8  p f  wound r o t o r  i n d u c t i o n  genera to r  
manufactured by Bogue E l e c t r i c  Manufac tur ing  Company. S t a t o r  as w e l l  as r o t o r  
w ind ings  a r e  wye-connected w i t h  access t o  t h e  n e u t r a l ,  r a t e d  a t  480 v o l t s  l i n e -  
t o - l i n e ,  and w i t h  a s t a t o r  t o  r o t o r  t u r n s  r a t i o  o f  1 :2.  The genera tor  i s  
des igned t o  r o t a t e  a t  speeds i n  the 900 t o  2700 rpm range. 
The advanced system i s  based on a wound r o t o r  i n d u c t i o n  genera to r  and a c y c l o -  
c o n v e r t e r .  E x h i b i t  2 -3  shows a p i c t o r i a l  r e p r e s e n t a t i o n  o f  t h e  M O D - 0  wind t u r -  
b i n e  and t h e  advanced system. Each of  t h e  r o t o r  w ind ings  i s  connected t o  a 
6 - p u l s e  c y c l o c o n v e r t e r  which i s  connected t o  t h e  power g r i d  v i a  an i s o l a t i n g  
t r a n s f o r m e r .  The a b i l i t y  o f  t h e  c y c l o c o n v e r t e r  t o  vary  i t s  o u t p u t  f requency  
( r o t o r  s i d e )  and t o  conduct power i n  b o t h  d i r e c t i o n s  a l l o w s  the  machine t o  
r e v o l v e  a t  speed below, a t ,  and above synchronous w h i l e  t h e  s t a t o r  d e l i v e r s  
power a t  cons tan t  f requency .  The rpm w i l l  be l i m i t e d  by t h e  t u r b i n e  o r  d r i v e  
t r a i n ,  genera to r  speed range (900  t o  2700 rpm) o r  by c y c l o c o n v e r t e r  t rans fo rmer  
r a t i n g s .  Generator  r o t o r  power recovery i s  p o s s i b l e  d u r i n g  supersynchronous 
o p e r a t i o n .  A t  subsynchronous speeds t h e  r o t o r  absorbs power f rom the  s t a t o r .  
l h i s  t y p e  o f  c o n f i g u r a t l o n  a l l ows  s t a t o r  r e a c t i v e  power r e g u l a t i o n ,  r e d u c t i o n  
o f  power v a r i a t i o n  induced by wind speed changes, t o r s i o n a l  damping, and r a p i d  
s y n c h r o n i z d t i o n .  An e x t e r n a l  c a p a c i t o r  bank may be i n c l u d e d  t o  broaden the  
r e a c t i v e  power c a p a b i l i t i e s  a t  the u t i l i t y  p o i n t  o f  connec t ion .  
The s l i p  recovery  system c o n s i s t s  o f  a wound r o t o r  i n d u c t i o n  genera to r  and a 
DC-cu r ren t  l i n k  conver te r .  A s  shown i n  E x h i b i t  2 - 4 ,  t h e  c o n v e r t e r  has a r e c -  
t i f i e r  b r i d g e  connected t o  t h e  genera tor  r o t o r  w ind ings ,  an i n v e r t e r  b r i d g e  
connected t o  the  u t i l i t y  g r i d  v i a  an i s o l a t i o n  t rans fo rmer  and a s e t  o f  h a r -  
monic f i l t e r s .  An i n d u c t o r  i s  connected i n  s e r i e s  between t h e  two b r idges  t o  
smooth t h e  DC c u r r e n t .  By a d j u s t i n g  t h e  OMNION i n p u t  c u r r e n t ,  t h e  genera to r  
speed may be c o n t r o l l e d  between 1980 and 3000 rpm, a l t h o u g h  the  t e s t  machine 
maximum speed i s  o n l y  2700. E f f e c t i v e l y  t h e  system changes the  r o t o r  r e s i s t -  
ance; thus ,  changing r o t o r  s l i p  and speed. S ince  genera to r  r o t o r  v o l t a g e  i s  
p r o p o r t i o n a l  t o  s l i p ,  genera t i ng  system per formance can be c o n t r o l l e d  [ 9 ] .  
Note t h a t  t h e r e  i s  no l i n k  between t h e  t u r b i n e  c o n t r o l l e r  and t h e  c o n v e r t e r  
c o n t r o l l e r .  To da te ,  conve r te r  c o n t r o l l e r  parameters ( c u t - i n  v o l t a g e  and 
c u r r e n t  s lope )  a r e  s e t  manual ly  and w i l l  remain f i x e d  u n t i l  t h e  opera to r  
changes c o n t r o l l e r  s e t t i n g s .  
S ince t h e  r e c t i f i e r  b r i d g e  can conduct power o n l y  i n  one d i r e c t i o n  ( f r o m  t h e  
genera to r  t o  t h e  e l e c t r i c  network) ,  t h e  system speed i s  l i m i t e d  t o  speeds above 
synchronous. Power ou tpu t  may be c o n t r o l l e d ,  b u t  t h e r e  i s  no d i r e c t  c o n t r o l  o f  
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t h e  r e a c t i v e  power. A l though t h e  s l i p  recove ry  system behaves s i m i l a r l y  t o  t h e  
i n d u c t i o n  machine, t he  system recovers  genera to r  r o t o r  power and enhances damp- 
i n g  o f  d r i v e  t r a i n  o s c i l l a t i o n s .  
ogy and i s  l e s s  complex which may r e s u l t  i n  h i g h e r  r e l i a b i l i t y  and lower  c o s t  
w i t h  respec t  t o  o ther  VSCF systems such as t h e  advanced system. 
I n  a d d i t i o n ,  t h e  system uses mature t e c h n o l -  
, 
I 2.2.2.3 Other  Generat ing Systems 
l h e  Growian w ind  t u r b i n e  i s  a 3 MW machine developed i n  Germany which i s  a l s o  
based on the  wound r o t o r  i n d u c t i o n  genera to r  and c y c l o c o n v e r t e r .  T h i s  t u r b i n e  
has an az imuth  o r  yaw c o n t r o l ,  b u t  i n  t h e  event  o f  a power f a i l u r e  t h e  n a c e l l e  
can p o s i t i o n  i t s e l f  by d rag  a lone  [ l o ] .  I t  a l s o  has c o n t r o l s  t o  a d j u s t  speed 
and power. 
speeds, wh.ile a t  h igh  wind speeds c o n t r o l  i s  on b lade  a n g l e  t o  s p i l l  energy.  
A d i f f e r e n t  t y p e  of c o n f i g u r a t i o n  i s  t h e  Danish Tv ind  t u r b i n e  which uses an 
asynchronous genera tor  and a r e c t i f i e r / i n v e r t e r  i n  s e r i e s  w i t h  t h e  genera to r  
s t a t o r .  Th i s  machine i s  r a t e d  a t  2 MW b u t  t h e  o u t p u t  o f  t h e  genera to r  i s  
l i m i t e d  t o  900 kW. I t  uses f u l l - s p a n  b lade  p i t c h  c o n t r o l  t o  m a i n t a i n  speed 
w i t h i n  l i m i t s  f o r  wind speeds above r a t e d .  Below r a t e d  w ind  speed, t h e  speed 
o f  t h e  genera tor  i s  c o n t r o l l e d  by v a r y i n g  t h e  e l e c t r i c a l  l oad  v i a  a r e s i s t o r  
bank [ 2 ] .  
Regardless o f  t h e  type o f  c o n f i g u r a t i o n ,  V S C F  wind t u r b i n e s  shou ld  be a b l e  t o  
opera te  i n  d i f f e r e n t  power modes t o  a l l o w  d i f f e r e n t  c o n t r o l  s t r a t e g i e s .  Above 
r a t e d  wlnd speed, a wind t u r b i n e  may genera te  cons tan t  power i n  o r d e r  t o  reduce 
power o s c i l l a t i o n s .  Below r a t e d  wind speed the re  a r e  two o p t i o n s :  t h e  wind 
t u r b i n e  c o u l d  operate e i t h e r  g e n e r a t i n g  cons tan t  power o r  a t  cons tan t  t i p  speed 
r a t i o  (match ing  w i n d  and e l e c t r i c  powers) .  l h e s e  d l f f e r e n t  c o n t r o l  s t r a t e g i e s  
need t o  be implemented (when p o s s i b l e )  i n  o t h e r  VSCF systems p r o t o t y p e s  as 
w e l l  as o t h e r  c o n t r o l  schemes (such as to rque  c o n t r o l ) .  The v a r i o u s  c o n t r o l  
a l t e r n a t i v e s  should be analyzed and the  most p romis ing  shou ld  be implemented 
and t e s t e d .  
C o n t r o l  a c t i o n  i s  p r i m a r i l y  on t h e  c o n v e r t e r  d u r i n g  low wind 
2.3 T r a n s i e n t a n d  Dynamic C h a r a c t e r i s t k s  o f  Wind Turb ines  
Since i n d i v i d u a l  s m a l l  wind t u r b i n e s  w i l l  n o t  have a major  impact  on t h e  e l e c -  
t r i c  u t i l i t y  system's s t a b i l i t y ,  o n l y  t h e  t r a n s i e n t  and dynamic c h a r a c t e r i s t i c s  
o f  l a r g e  wind t u r b i n e s  a r e  cons idered i n  t h i s  s e c t i o n .  The s p e c i a l  c h a r a c t e r -  
i s t i c s  o f  wind t u r b i n e  genera tors  which cause t h e i r  dynamic behav io r  t o  be 
d i f f e r e n t  f rom t h a t  o f  conven t iona l  u n i t s  can be t r a c e d  t o  t h e  l a r g e  t u r b i n e  
r o t o r  d iameter  and slow t u r b i n e  speed necessary t o  c a p t u r e  l a r g e  q u a n t i t i e s  o f  
power f rom t h e  wind. Large t u r b i n e  r o t o r  d iameters  a r e  necessary i n  o rde r  t o  
e x t r a c t  b u l k  q u a n t i t i e s  o f  power f rom t h e  r e l a t i v e l y  low power d e n s i t y  of  t h e  
wind.  The e l e c t r i c a l  genera tors  f o r  l a r g e  w ind  t u r b i n e  a p p l i c a t i o n s  a r e  gen- 
e r a l l y  f o u r  o r  s i x  p o l e  des igns and a h i g h  r a t i o  gear box i s  e s s e n t i a l  t o  s tep  
up t h e  low t u r b i n e  speed t o  t h e  synchronous speed o f  t h e  genera to r  (1800 o r  
1200 rpm).  The h igh  r a t i o  gear box causes wind t u r b i n e  d r i v e  t r a i n s  t o  have 
p e c u l i a r  t o r s i o n a l  p r o p e r t i e s  which a r e  n o t  c h a r a c t e r i s t i c  o f  conven t iona l  
t u r b i n e  genera to rs .  l h e  h i g h  r a t i o  gear box r e s u l t s  'in a l a r g e  t u r b i n e  i n e r t i a  
and low mechanica l  s t l f f n e s s  between t u r b i n e  and genera to r  when r e f e r r e d  t o  
generd tor  speed and r a t i n g  [ 6 ] .  
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E l e c t r i c a l  d i s tu rbances  a p p l i e d  t o  conven t iona l  t u r b i n e  genera to rs  tend t o  
a c c e l e r a t e  a l l  d r i v e  t r a i n  i n e r t i a s  e q u a l l y  because t h e  mechanica l  s h a f t  s t i f f -  
nesses a r e  l a r g e .  S i m i l a r l y ,  a mechanical d i s t u r b a n c e  a p p l i e d  t o  one d r i v e  
t r a i n  i n e r t i a  would have v i r t u a l l y  t h e  same impact  on t h e  e l e c t r i c a l  system and 
o t h e r  d r i v e  t r a i n  i n e r t i a s  as a d i s tu rbance  o f  t h e  same magni tude a p p l i e d  t o  a 
d i f f e r e n t  d r i v e  t r a i n  i n e r t i a .  I t  i s  t h e r e f o r e  customary and accu ra te  t o  
n e g l e c t  d r i v e  t r a i n  dynamics and represent  a c o n v e n t i o n a l  t u r b i n e  genera to r  
u n i t  as a s i n g l e  r o t a t i n g  i n e r t i a  for t r a n s i e n t  s t a b i l i t y  s t u d i e s .  
A s i n g l e  i n e r t i a  model o f  l a r g e  wind t u r b i n e s  w i l l  n o t  be s a t i s f a c t o r y  f o r  
t r a n s i e n t  s t a b i l i t y  s t u d i e s  and a t  l e a s t  two I n e r t i a s  w i l l  be r e q u i r e d  ( i . e . ,  
i n  t h e  pe r  u n i t  system a ve ry  l a r g e  t u r b i n e  i n e r t i a  and r e l a t i v e l y  l ow  gener- 
a t o r  i n e r t i a  coupled by a ve ry  low s t i f f n e s s  s h a f t . )  T r a n s i e n t  s t a b i l i t y  p r o -  
grams w i l l  need s l i g h t  m o d i f i c a t i o n s  t o  i n c l u d e  wind t u r b i n e  models. Each 
i n e r t i a  i n  t h e  wind t u r b i n e  model can be represented  as a conven t iona l  gener-  
a t i n g  u n i t  and t h e  d r i v e  t r a i n  sha f t s  connec t ing  these i n e r t i a s  can be mode l led  
as an e q u i v a l e n t  e l e c t r i c a l  s t i f f n e s s e s  ( t r a n s m i s s i o n  l i n e s ) .  
Corresponding t o  t h e  two i n e r t i a  models, t h e  dynamics o f  a l a r g e  wind t u r b i n e  
connected t o  an i n f i n i t e  bus a r e  determined by two dominant t o r s i o n a l  modes. 
Because o f  t h e  l ow  s h a f t  s t i f f n e s s  these modes a r e  e s s e n t i a l l y  decoupled. The 
lowes t  f requency mode i s  c a l l e d  the  low speed s h a f t  mode. Th is  mode i s  l i g h t l y  
damped and r e f l e c t s  t h e  o s c i l l a t i o n s  o f  t h e  t u r b i n e  hub a g a i n s t  t h e  e l e c t r i c a l  
genera to r  r o t o r  and e q u i v a l e n t  power system. The second mode, c a l l e d  t h e  e l e c -  
t r i c a l  mode, corresponds t o  t h e  synchron iz ing  power o s c i l l a t i o n s  between t h e  
genera to r  i n e r t i a  and t h e  i n f i n i t e  bus. 
The decoup l i ng  between t h e  two dominant t o r s i o n a l  modes due t o  t h e  low s h a f t  
s t i f f n e s s  g i v e s  t h e  l a r g e  wind t u r b i n e  e x c e l l e n t  t r a n s i e n t  s t a b i l i t y  p roper -  
t i e s .  Shor t  e l e c t r i c a l  t r a n s i e n t s  tend t o  impact  o n l y  t h e  genera to r  i n e r t i a  
w h i l e  s i m i l a r  mechanical t r a n s i e n t s  (such as wind g u s t s )  p r i m a r i l y  a f f e c t  t h e  
t u r b i n e  i n e r t i a .  T h i s  behav io r  i s  un ique t o  t h e  l a r g e  wind t u r b i n e  and has t h e  
f o l l o w i n g  i m p l i c a t i o n s :  
o F a u l t  c l e a r i n g  t imes and the d u r a t i o n  o f  s h o r t  t e rm load  con t ingenc ies  
a r e  n o t  as c r i t i c a l  as w i t h  conven t iona l  t u r b i n e  genera tors ;  
o Synchronism w i t h  t h e  e l e c t r i c a l  system under gus ty  wind c o n d i t i o n s  i s  
n o t  a problem; and 
o Synchron iza t i on  o f  t h e  wind t u r b i n e  w i t h  t h e  power system can be 
achieved w l t h  speed e r r o r s  o f  seve ra l  pe rcen t  and phase ang le  m is -  
matches o f  30 t o  40 degrees. 
Th is  dynamic behav io r  i s  v a l i d  f o r  bo th  CSCF and VSCF systems, however, t h e  
e f f e c t  o f  t h e  c o n t r o l  loops o f  v a r i a b l e  speed systems ( o n  a l i n e a r i z e d  b a s i s )  
would be t o  mod i f y  t h e  mode shapes and f requenc ies  of t h e  d r i v e  t r a i n  t o r s i o n a l  
modes. V a r i a b l e  speed o p e r a t i o n  prov ides a s o f t  l i n k  between t h e  genera to r  
i n e r t i a  and t h e  e l e c t r i c  u t i l i t y  system as w e l l  as a d d i t i o n a l  damping o f  t h e  
f i r s t  t o r s i o n a l  mode [ 3 ] .  Therefore, t h e  des ign  o f  v a r i a b l e  speed wind t u r -  
b ines  does n o t  r e q u i r e  s o f t  s h a f t s  between t u r b i n e  and genera to r  i n e r t i a s .  
A l though t h e  dynamics and t r a n s i e n t  c h a r a c t e r i s t i c s  of CSCF and VSCF systems 
a r e  f a i r l y  w e l l  understood,  t h e r e  are some i ssues  t h a t  need c l a r i f i c a t i o n .  For  
i ns tance ,  s tudy  of c i r c u i t  b reaker  r e c l o s u r e  i n t o  a f a u l t ,  q u a n t i f i c a t i o n  
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of t h e  impacts  of mechanical t r a n s i e n t s  on t h e  o p e r a t i n g  l i f e  of t h e  d r i v e  
t r a i n  components [ll], and t h e  e f f e c t s  o f  o t h e r  p romis ing  c o n t r o l  a l g o r i t h m s  
f o r  v a r i a b l e  speed systems. 
2.4 Power Q u a l i t y  
Genera l l y ,  two major i ssues  a r e  cons idered I n  t h e  a n a l y s i s  o f  u t i l i t y  power 
q u a l i t y :  voltage/VAR requ i rements  and waveform d i s t o r t i o n .  VoltageIVAR coor -  
d i n a t i o n  problems p r i m a r i l y  depend upon t h e  wind t u r b i n e  system ( s i z e  and t y p e  
o f  g e n e r a t o r )  and t h e  c h a r a c t e r i s t i c s  o f  t h e  power system a t  t h e  p o i n t  of 
i n t e r c o n n e c t i o n .  When a CSCF system i s  connected t o  t h e  u t i l i t y  v i a  a weak 
i n t e r t i a  ( a  p o i n t  o f  low s h o r t - c i r c u i t  c u r r e n t  c a p a c i t y )  t h e  n a t u r a l  v a r i a t i o n s  
o f  wind speed induce power o u t p u t  v a r i a t i o n s  which i n  t u r n  produce s i g n i f i c a n t  
l i n e  c u r r e n t  v a r i a t i o n s .  As  a r e s u l t  o f  these c u r r e n t  v a r i a t i o n s  f l o w i n g  
th rough t h e  r e l a t i v e l y  h i g h  i n t e r c o n n e c t i n g  impedance, u n d e s i r a b l e  v o l t a g e  
f l u c t u a t i o n s  may appear i n  t h e  power system, Th is  problem i s  m in imized by 
p l a c i n g  t h e  generator  e x c i t a t i o n  under v o l t a g e  c o n t r o l  i n  t h e  case o f  synchro-  
nous genera to rs ,  o r  by s w i t c h i n g  c a p a c i t o r  banks o r  s t a t i c  V A R  compensation i n  
t h e  case o f  i n d u c t i o n  genera to rs  and VSCF systems. I f  t h e  p o i n t  o f  i n t e r c o n -  
n e c t i o n  i s  a s t r o n g  t i e ,  VAR compensation may n o t  be necessary s i n c e  t h e  u t i l -  
i t y  can p robab ly  supply t h e  i n d u c t i o n  g e n e r a t o r s '  ( V S C F  systems) r e a c t i v e  
requ i rements  w i t h o u t  caus ing  l a r g e  v o l t a g e  changes. 
Recent t e s t s  performed on a VSCF system based on a wound r o t o r  i n d u c t i o n  gen- 
e r a t o r  and a cyc loconver te r  showed two predominant  power o s c i l l a t i o n  modes: one 
due t o  t h e  s l i p  frequency and t h e  o t h e r  assoc ia ted  w i t h  t h e  dynamics o f  t h e  
d r i v e  t r a i n  [12 ] .  This l a s t  mode was a t  a f requency o f  2 per  r e v o l u t i o n  ( 2 p )  
and 4p depending upon t h e  genera to r  speed. Other m u l t i p l e s  o f  2p were a l s o  
observed b u t  t h e i r  e f f e c t  was n o t  s i g n i f i c a n t .  However, s i n c e  t h e  wind t u r -  
b i n e  was connected t o  a s t r o n g  system, no v o l t a g e  f l u c t u a t i o n s  were observed. 
I t  I s  i m p o r t a n t  t o  p o i n t  o u t  t h a t  t hese  r e s u l t s  were ob ta ined  f r o m  an e x p e r i -  
mental system. Commercial t y p e  systems a r e  expected t o  overcome t h i s  concern.  
Vo l tage v a r i a t i o n s  can a l s o  be caused by s t a r t i n g  wind t u r b i n e s  as i n d u c t i o n  
motors o r  connect ing  i n d u c t i o n  genera to rs  d i r e c t l y  t o  t h e  l i n e .  I n d u c t i o n  
machines have h i g h  s t a r t i n g  i n r u s h  c u r r e n t s  t h a t  w i l l  p roduce v o l t a g e  d i p s  and 
depending upon t h e  r e p e t i t i o n  r a t e  o f  these d i p s ,  l i g h t  f l i c k e r  may r e s u l t .  
A d d i t i o n a l  e f f e c t s  o f  v o l t a g e  f l u c t u a t i o n s  a r e  t h e  i n c r e a s e  i n  a c t i v i t y  o f  
r e g u l a t i n g  u n i t s  ( r e s u l t i n g  i n  an i n c r e a s e  o f  l o s s  o f  l i f e )  such as v o l t a g e  
r e g u l a t o r s  and automat ic  tap-changing t rans fo rmers ,  and an i n c r e a s e  i n  dev ia -  
t i o n s  f rom an adequate v o l t a g e  p r o f i l e .  
CSCF w i t h  synchronous and s imp le  i n d u c t i o n  genera to rs  should n o t  p resen t  any 
harmonic problems. The v o l t a g e  and c u r r e n t  waveform assoc ia ted  w i t h  these 
machines w i l l  be s i m i l a r  t o  conven t iona l  g e n e r a t i n g  u n i t s  o f  t h e  same t ype .  
A l though present  exper imenta l  VSCF wind systems genera te  h i g h  c u r r e n t  harmon- 
i c s ,  I t  i s  expected t h a t  o p t i m i z a t i o n  o f  t h e  genera to r  r o t o r  c o n t r o l  system 
w i l l  reduce t h e  c u r r e n t  harmonic l e v e l  as w e l l  as t h e  power o s c i l l a t i o n s .  
I t  i s  impor tan t  t o  develop models o f  t h e  power c o n v e r t e r s  ( c o n d i t i o n e r s )  c u r -  
r e n t l y  i n  use o f  wind a p p l i c a t i o n s  i n  o r d e r  t o  e v a l u a t e  new des igns  and p r e d i c t  
system behav io r .  Since much o f  t h e  techno logy  used i n  VSCF wind genera to rs  has 
a l r e a d y  been used i n  v a r i a b l e  speed motor  d r i v e s .  Derhaps i t  w i l l  be enough t o  
n t e g r a t e  them w i t h  models 
of t h e  wind t u r b i n e  t o  p r e d i c t  t o t a l  system behav io r .  These models can a l s o  
be i n c o r p o r a t e d  t o  e x i s t i n g  models f o r  t h e  a n a l y s i s  o f  harmonic p ropaga t ion  
th roughou t  t h e  power network.  I n  a d d i t i o n ,  f i e l d  t e s t s  a r e  needed t o  c o n f r o n t  
t h e  a n a l y t i c a l  work. I n  o rde r  t o  have ccmplete r e s u l t s ,  t h e  a n a l y s i s  should 
e v a l u a t e  t h e  e f f e c t s  o f  harmonic f requenc ies  on t h e  genera to r  r o t o r  c o n t r o l  and 
any a d d i t i o n a l  l osses  induced i n  the genera to r  i t s e l f  [13 ] .  
3.0 W I N D  TURBINE CONNECTION CONFIGURATIONS 
There a r e  b a s i c a l l y  two methods f o r  connec t ing  wind t u r b i n e s  t o  e l e c t r i c  u t i l -  
i t y  systems: as I n d i v i d u a l  u n i t s  d ispersed w i t h i n  t h e  power system o r  as 
groups o f  u n i t s  here  c a l l e d  wind power s t a t i o n s  (WPSs).  I n  e i t h e r  f o r m ,  e l e c -  
t r i c  p r o d u c t i o n  w i l l  be f e d  d i r e c t l y  i n t o  t h e  e l e c t r i c  network w i t h o u t  t h e  use 
o f  supplemental s to rage.  I n  assess ing t h e  impact  o f  connec t ion  s t r a t e g i e s  sev- 
e r a l  key a t t r i b u t e s  a r e  cons idered:  t h e  s i z e  o f  t h e  wind t u r b i n e ,  t h e  t y p e  o f  
genera to r  on t h e  wind t u r b i n e ,  t h e  c h a r a c t e r i s t i c s  o f  t h e  i n t e r c o n n e c t i o n  ( v o l -  
tage l e v e l ,  AC o r  D C ,  e t c . )  and t h e  t y p e  o f  c o n t r o l  on t h e  wind t u r b i n e  o r  t h e  
WPS. 
3.1 D ispersed Machine Connect ion 
I n d i v i d u a l  wind t u r b i n e s  can be deployed i n  one o f  t h r e e  ways: on d i s t r i b u t i o n  
feeders  ( t y p i c a l l y  smal l  w ind t u r b i n e s ) ,  near s u b s t a t i o n s ,  and a t  a g e n e r a t i n g  
bus ( u s u a l l y  i n  smal l  u t i l i t y  s y s t e m s ) .  Each o f  these deployment approaches 
p resen ts  s l i g h t l y  d i f f e r e n t  i ssues .  
3.1.1 Feeder Deployment o f  Wind Turbines 
E l e c t r i c  power p r o d u c t i o n  i s  t r a d i t i o n a l l y  i n t r o d u c e d  i n  l a r g e  q u a n t i t i e s  a t  
t h e  b u l k  power l e v e l  o f  o p e r a t i o n .  I n  r e c e n t  years,  renewed i n t e r e s t  has 
a r i s e n  i n  i n d i v i d u a l  genera tors  which i n j e c t  power i n t o  t h e  d i s t r i b u t i o n  
feeders .  Small  wind t u r b i n e s  i n t roduce  t h e i r  o u t p u t  power i n t o  t h e  e l e c t r i c  
system a t  a v o l t a g e  l e v e l  where i t  i s  mixed w i t h  t h e  loads .  A major  concern i s  
t h a t  p r e s e n t  d i s t r i b u t i o n  system opera t i on  and p r o t e c t i o n  p r a c t i c e s  w i l l  n o t  be 
a p p r o p r i a t e  when smal l  w ind t u r b i n e s  a r e  p resen t .  Many o f  these problems occur  
because t h e  u n i t s  a r e  i n d i v i d u a l l y  owned and opera ted  r a t h e r  than c o n t r o l l e d  by 
t h e  u t i l i t y  and due t o  system design and p r o t e c t i o n  p r a c t i c e s  which a r e  p r e d i -  
ca ted  on t h e  absence o f  power genera t i ng  dev i ces .  
Pr imary  concerns i n  t h e  i n t r o d u c t i o n  o f  smal l  w ind t u r b i n e s  i n t o  t h e  e l e c t r i c  
system a r e  p r o t e c t i o n  and s a f e t y  issues [14,15,16]. The presence o f  a smal l  
w ind t u r b i n e  a l t e r s  t h e  convent iona l  p r o t e c t i o n  scheme which i s  based l a r g e l y  
on a r a d i a l  network des ign  w i t h  u n i d i r e c t i o n a l  power f l o w  f rom t h e  s u b s t a t i o n  
t o  t h e  loads .  S ince t h e  power f l o w  I s  u n i d i r e c t i o n a l  i n  a conven t iona l  system, 
abnormal c o n d i t i o n s  can be i s o l a t e d  by I n t e r r u p t i o n  a t  a s i n g l e  p o i n t  between 
t h e  f a u l t  and t h e  subs ta t i on ,  thereby a f f e c t i n g  t h e  fewest  number o f  customers. 
The a d d i t i o n  o f  d ispersed p roduc t i on  may r e q u i r e  i s o l a t i o n  above and below a 
f a u l t  o r  more l i k e l y ,  t h a t  d ispersed sources be a b l e  t o  recogn ize  f a u l t e d  con- 
d i t i o n s  and t r i p  o f f - l i n e  t o  avo id  back feed ing  f a u l t s .  
A t  t h e  d i s t r i b u t i o n  l e v e l ,  ove rcu r ren t  i s  t h e  p r imary  p r o t e c t i o n  requ i rement  
and i t  i s  t i m e / c u r r e n t  coo rd ina ted  t o  cause t h e  p r o t e c t i o n  dev i ce  neares t  t h e  
f a u l t  t o  opera te  f i r s t  and i s o l a t e  the  f a u l t .  The s h o r t  c i r c u i t  c a p a c i t y  o f  a 
smal l  w ind t u r b i n e  cou ld  a f f e c t  t h e  t i m e - c u r r e n t  c o o r d i n a t i o n  o f  p r o t e c t i o n  
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hardware such as fuses and r e c l o s e r s .  P r i m a r i l y ,  t h e  s h o r t - c i r c u i t  c u r r e n t  
c o n t r i b u t i o n  f rom small w ind t u r b i n e s  cou ld  i n c r e a s e  t h e  t o t a l  f a u l t  c u r r e n t ,  
thus  d i s r u p t i n g  e x i s t i n g  p r a c t i c e s  and s p o i l i n g  t h e  c o o r d i n a t i o n  scheme 
[ 17,181. 
The l e v e l  o f  f a u l t  c u r r e n t  i s  t h e  c r i t i c a l  parameter f o r  assess ing  t h e  impact  
on t h e  p r o t e c t i o n  o f  bo th  t h e  wind t u r b i n e  and t h e  e l e c t r i c  system. 
impedance l e v e l  o f  the wind t u r b i n e  as seen f rom t h e  u t i l i t y  system i s  a key 
de te rm ina te  f o r  i t s  c o n t r i b u t i o n  t o  a f a u l t .  The genera to r  and i s o l a t i o n  
t rans fo rmer  impedances and t h e i r  connec t ion  s t r a t e g y  ( d e l t a ,  wye, e t c . )  w i l l  
de te rmine  t h e  impedance as seen by t h e  u t i l i t y  system. 
The 
There a r e  seve ra l  o ther  p o t e n t i a l  p r o t e c t i o n  problems.  Resonant c o n d i t i o n s  
can deve lop  on a sec t i on  o f  feeder  t h a t  i s  i s o l a t e d  w i t h  a smal l  w ind t u r b i n e  
d u r i n g  a s i n g l e - l i n e - t o - g r o u n d  f a u l t .  A s  a genera l  r u l e ,  au tomat ic  r e c l o s i n g  
i s  n o r m a l l y  p r a c t i c e d  on d i s t r i b u t i o n  systems w i t h  a h i g h  percentage o f  tempo- 
r a r y  f a u l t s .  I t  appears t h a t  t h i s  p r a c t i c e  cannot be used because o f  p o t e n t i a l  
damage t o  a smal l  wind t u r b i n e  due t o  r e c l o s i n g  o u t  o f  phase. I s l a n d i n g ,  i . e . ,  
when a smal l  w ind t u r b i n e  remains l i n k e d  t o  a p o r t i o n  o f  t h e  system which i s  
d i s j o i n t  f rom t h e  main system, can r e s u l t  i n  poor  power q u a l i t y  and p o s s i b l e  
damage t o  i t s  assoc ia ted  loads and can s u s t a i n  a f a u l t  w i t h i n  t h e  i s l a n d e d  p a r t  
o f  t h e  system. A l l  o f  these phenomena a r e  determined and a f f e c t e d  by t h e  gen- 
e r a t o r  t y p e  (synchronous, i n d u c t i o n ,  i n v e r t e r ,  e t c . ) .  Those smal l  w ind t u r -  
b ines  capab le  o f  s u s t a i n i n g  themselves independent o f  t h e  e l e c t r i c  system a r e  
l i k e l y  t o  cause t h e  g r e a t e s t  concern.  
Personnel s a f e t y  has been and w i l l  con t i nue  t o  be a p r i m a r y  f a c t o r  o f  concern 
t o  t h e  e l e c t r i c  u t i l i t y  i n d u s t r y  r e g a r d i n g  wind t u r b i n e s  [ 1 4 , 1 5 , 1 6 ] .  Present -  
day d i s t r i b u t i o n  system designs,  p r o t e c t i o n  hardware and p r a c t i c e s ,  personne l  
s a f e t y  hardware and procedures have evo lved f rom a s t r a t e g y  o f  c e n t r a l i z e d  
g e n e r a t i o n  and d e l i v e r y  of power t o  loads .  Small  w ind t u r b i n e s  can be a 
secondary source o f  power unknown t o  maintenance pe rsonne l .  Knowledge of t h e  
presence o f  such dev ices can go a l o n g  way t o  r e s o l v i n g  t h i s  problem. T r a d i -  
t l o n a l  maintenance p r a c t i c e s  f o r  d i s t r i b u t i o n  systems f o l l o w  t h e  so c a l l e d  
"dead l i n e "  p r a c t i c e  because t h e  p resen t  system o n l y  has one source o f  power. 
I n  o rde r  t o  guarantee personne l  s a f e t y ,  i t  has been recommended t h a t  " l i v e  
l i n e "  p r a c t i c e  be invoked t o  a v o i d  p o t e n t i a l  hazards.  
The problems f o r  s m a l l  w ind t u r b i n e s  a r e  no d i f f e r e n t  t han  any o t h e r  g e n e r a t i n g  
dev ices  such as co-generators ,  a l t hough  l a r g e  c o n c e n t r a t i o n s  o f  smal l  w ind t u r -  
b ines  i n  a g i v e n  p o r t i o n  o f  u t i l i t y  s e r v i c e  area  c o u l d  cause s p e c i a l  problems. 
I n  genera l ,  t h e  i n t e r m i t t e n t  p r o p e r t i e s  o f  smal l  w ind t u r b i n e s  have l i t t l e  
i n f l u e n c e  on t h e  e l e c t r i c  system because t h e  power l e v e l  f r o m  any one d e v i c e  
I s  sma l l ,  however, l a r g e  numbers o f  smal l  dev ices  have t h e  p o t e n t i a l  t o  cause 
s i g n i f i c a n t  power and v o l t a g e  f l u c t u a t i o n s  w i t h  a r e s u l t a n t  decrease i n  q u a l i t y  
o f  s e r v i c e .  
3 .1.2 Wind Turb ines Deployed i n  t h e  S u b s t a t i o n  
A s u b s t a t i o n  deployment o f  wind t u r b i n e  separates t h e  p r o d u c t i o n  source f r o m  
t h e  loads  and avo ids  many of t h e  problems o f  t h e  feeder  connec t ion .  As a 
r e s u l t ,  l o c a l  v a r i a t i o n  i n  wind t u r b i n e  p r o d u c t i o n  i s  i s o l a t e d  by t h e  sub- 
s t a t i o n  t rans fo rmer  and t h i s  reduces i t s  impact  on t h e  o v e r a l l  e l e c t r i c  system. 
The p r imary  consequences w i l l  be t h e  s i z i n g  o f  t h e  t rans fo rmer  and c i r c u i t  
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breaker  needs. Remote access t o  the  s t a t u s  o f  t h e  u n i t  w i l l  p robab ly  be 
r e q u i r e d  s i n c e  i t  i s  l a r g e r  i n  s i z e  and perhaps as l a r g e  a 1-2 MWs. F u r t h e r -  
more, a SCADA system w i l l  l i k e l y  be needed t o  m o n i t o r  t h e  s t a t u s  o f  t h i s  source 
near  t h e  s u b s t a t i o n .  
3.1.3 Wind Tu rb ine  Deployment a t  a Genera t ing  Bus 
Anytime t h a t  a wind t u r b i n e  i s  p laced on an e x i s t i n g  genera to r  bus, t hen  i t  i s  
o f  s i g n i f i c a n t  s i z e  r e l a t i v e  t o  o ther  g e n e r a t i n g  dev ices .  I n  p a r t i c u l a r ,  t h e  
wind t u r b i n e  w i l l  be t r e a t e d  as any o t h e r  g e n e r a t i n g  u n i t .  I n  t h i s  a p p l i c a t i o n  
a c l a s s i c a l  p r o t e c t i o n  scheme w i l l  be p r o v i d e d  f o r  t h e  u n i t  and i t  w i l l  l i k e l y  
have I t s  own t rans fo rmer .  The u n i t  should have a f u l l  complement o f  c o n t r o l s  
and i t  w i l l  be moni tored,  operated,  and c o n t r o l l e d  as any o t h e r  power gener-  
a t i n g  u n i t s .  
3.2 Wind Power S t a t i o n  (WPS) 
Perhaps t h e  most s i g n i f i c a n t  deployment o f  wind g e n e r a t i o n  i s  as a WPS. I n  
t h i s  a p p l i c a t i o n ,  major  sources o f  wind p r o d u c t i o n  a r e  a v a i l a b l e  f o r  dep loy-  
ment a t  t h e  b u l k  power l e v e l .  The concept  o f  t h e  WPS focuses a t t e n t i o n  on t h e  
aggregate  behav io r  o f  wind t u r b i n e s  r a t h e r  than  i n d i v i d u a l  machines. A s  a 
r e s u l t  i n t r a s t a t i o n  c h a r a c t e r i s t i c s  such as r e l i a b i l i t y  ( t o  maximize power p ro-  
d u c t i o n )  o f  t h e  e l e c t r i c  system are  l i k e l y  t o  cause t h e  and c o n t r o l l a b i l i t y  ( t o  
maximize d i s p a t c h i n g  f l e x i b i l i t y )  are key requ i rements .  
The purpose o f  t h e  intra-WPS network i s  t o  c o l l e c t  power f r o m  t h e  I n d i v i d u a l  
wind t u r b i n e s  and then  i n j e c t  t h e  aggregate p r o d u c t i o n  i n t o  t h e  b u l k  power 
system. P a r t i c u l a r  c o n f i g u r a t i o n s  f o r  t h e  WPS concen t ra te  on e f f i c i e n t l y  
g a t h e r i n g  p r o d u c t i o n  and p r o v i d i n g  power w i t h  a h i g h  r e l i a b i l i t y .  Such c o n f i g -  
u r a t i o n s  must possess b o t h  an e f f e c t i v e  i n t e r n a l  s t r u c t u r e  as w e l l  as a p roper  
i n t e r c o n n e c t i o n  t o  t h e  b u l k  power network. 
Most a t t e n t i o n  t o  d a t e  has been focussed on t h e  i n t r a - n e t w o r k  s t r u c t u r e  o f  t h e  
WPS where v o l t a g e  l e v e l ,  number o f  machines pe r  t rans fo rmer ,  placement o f  
c a p a c i t o r s ,  and p r o t e c t i o n  requi rements dominate. Vo l tage l e v e l  b o t h  i n t e r n a l  
t o  t h e  WPS and a t  t h e  p o i n t  o f  i n t e r c o n n e c t i o n  t o  t h e  e l e c t r i c  system w i l l  
a f f e c t  performance o f  t h e  WPS. The g e n e r a t i n g  c a p a c i t y  o f  t h e  WPS w i l l  l a r g e l y  
d i c t a t e  i n t e r c o n n e c t  requi rements,  p a r t i c u l a r l y  t h e  vo l tage .  The cho ice  o f  
genera to r  t y p e  and s i z e  w i l l  determine t h e  number o f  machines per  t rans fo rmer  
and how much r e a c t i v e  compensation t o  p l a c e  a t  t h e  t r a n s f o r m e r  l e v e l  r a t h e r  
than  a t  t h e  p o i n t  o f  i n t e r c o n n e c t i o n .  The i n t r a - s t a t i o n  p r o t e c t i o n  r e q u i r e -  
ments can be s i g n i f i c a n t  depending upon t h e  exac t  c o n f i g u r a t i o n  t o  l i n k  t h e  
i n d i v i d u a l  t u r b i n e s  (191. 
A s  t h e  d i s t r i b u t i o n  o f  i n d i v i d u a l  wind t u r b i n e s  w i t h i n  t h e  WPS i s  changed, t h e  
l and  requ i rements  vary;  t h e r e f o r e ,  t h e  l e n g t h  o f  conductors  i n t e r c o n n e c t i n g  
i n d i v i d u a l  u n i t s  and t h e  number o f  sw i tches  and/or c i r c u i t  b reakers  necessary 
f o r  p r o t e c t i o n  a l s o  changes. I n t r a s t a t i o n  connec t ion  c o n f i g u r a t i o n s  i n c l u d e  
r i n g  buses, T-buses, and s imp le  r a d i a l  feeds t o  t h e  u t i l i t y  t i e  p o i n t  f r o m  t h e  
WPS ( see  E x h i b i t  3-1) .  Regarding wind t u r b i n e  spacing,  i t  i s  d e s i r a b l e  t o  
m in im ize  d i s t a n c e  between u n i t s  o f  t h e  WPS i n  o rde r  t o  maximize c i r c u i t r y  
r e l i a b i l i t y  a t  minimum c o s t .  
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EXHIBIT 3-1 T-Bus WPS Configuration 
Recent ly ,  some a t t e n t i o n  [ 2 0 ]  has been devoted t o  a DC c o l l e c t i o n  o f  power a t  
t h e  wind t u r b i n e  l e v e l  w i t h  a s i n g l e  i n v e r s i o n  t o  AC a t  t h e  p o i n t  o f  i n t e r -  
connect ion .  Th is  c o l l e c t i o n  o f  s t r a t e g y  o f f e r s  two advantages: 1)  e a s i e r  and 
l e s s  expensive t o  c o n t r o l  power p r o d u c t i o n  f rom t h e  WPS s i n c e  o n l y  a s i n g l e  
i n v e r t e r  I s  used per  WPS, and 2)  t h e  p r o t e c t i o n  requ i rements  a r e  reduced over  
s i m i l a r  r a t e d  AC c o n f i g u r a t i o n s .  I n  E x h i b i t  3-2 such an arrangement i s  shown 
c o n s i s t i n g  o f  severa l  WPS w i t h  each wind t u r b i n e  p roduc ing  DC v o l t a g e  f r o m  a 
c o n t r o l l e d  r e c t i f i e r ,  a l l  i n  s e r i e s  w i t h  one another .  The r e s u l t a n t  o u t p u t  
would be connected t o  c o n t r o l l a b l e  i n v e r t e r  system. Perhaps t h e  most s i g n i f i -  
can t  o u t s t a n d i n g  issues f o r  t h i s  system a r e  i n s u l a t i o n  requ i rements ,  DC v o l t a g e  
l e v e l  and v a r i a b i l i t y ,  and f e a s i b l e  d i s t a n c e  t o  t r a n s p o r t  DC power and r e l i -  
a b i l i t y  o f  t h e  few i n v e r t e r s .  
3.3 WPS C o n t r o l  
A s i g n i f i c a n t  f a c t o r  t h a t  i n f l u e n c e s  t h e  'tmpact of  a WPS on an e l e c t r i c a l  u t i l -  
i t y  system i s  t h e  type o f  i n t r a - s t a t i o n  c o n t r o l  and t h e  r e l a t i o n s h i p  between 
t h e  c o n t r o l  o f  t h e  aggregate power p r o d u c t i o n  f rom t h e  WPS and t h e  e l e c t r i c  
u t ' t l i t y ' s  d i s p a t c h  system [21 ]  t o  wh ich  t h e  WPS i s  l i n k e d .  The a d d i t i o n  o f  
c o n t r o l s  reduces some o f  t h i s  u n c e r t a i n t y  i n  power excu rs ions  f r o m  t h e  WPS and 
thus  subdues some o f  i t s  p o t e n t i a l  ill e f f e c t s .  I n  f a c t ,  t h e  c o n t r o l  c o u l d  
l i k e l y  i n c r e a s e  t h e  use fu lness  o f  t h e  WPS by enhancing i t s  e f f e c t i v e n e s s  t o  t h e  
e l e c t r i c  u t i l i t y .  This d i s c u s s i o n  focuses on f o u r  types  o f  WPS c o n t r o l ,  a l l  o f  
which a f f e c t  t h e  e l e c t r i c  system i n  a d i f f e r e n t  way [21 ] .  
3.3.1 Negat ive  Load 
Here to fo re ,  most WPSs have been opera ted  as s o - c a l l e d  " n e g a t i v e  load,"  i . e . ,  
a l l  a v a i l a b l e  p roduc t i on  f rom t h e  a r r a y  i s  i n j e c t e d  i n t o  t h e  e l e c t r i c  system. 
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Under t h i s  scenar io ,  maximum c a p t u r e  of  w ind  energy r e s u l t s ;  however, t h e  
impact  on t h e  u t i l i t y  i s  m o s t  severe.  
t h e  e q u i v a l e n t  load ( a c t u a l  l oad  l e s s  t h a t  p a r t  served by t h e  w ind  p r o d u c t i o n )  
rega rd less  o f  i t s  shape and requ i rement  (see E x h i b i t  3-3) .  
i s  r e q u i r e d  t o  have s u f f i c i e n t  s p i n n i n g  rese rve  c a p a b i l i t y  t o  f o l l o w  t h e  f u l l  
range o f  system f l u c t u a t i n g  power needs. 
Under t h i s  mode t h e  u t i l i t y  must t r a c k  
The e l e c t r i c  system 
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EXHIBIT 3-3 Block Diagram of the Negative Load Approach to 
Interconnecting Wind Plants to the Utility System 
3.3.2 WPS Ramp Rate Con t ro l  
I f  t h e  ramp r a t e  o f  power p r o d u c t i o n  f rom a WPS over  an a p p r o p r i a t e  t i m e  i n t e r -  
v a l ,  say 10  minutes,  can be a n t i c i p a t e d  and l i m i t e d ,  t h e n  t h e  l oad  f o l l o w i n g  
requ i rement  assoc ia ted  w i t h  a WPS can be reduced. One approach would use a WPS 
power r a t e  c o n t r o l l e r  which cou ld  a d j u s t  t h e  i n d i v i d u a l  t u r b i n e  power l e v e l  
such t h a t  t h e  WPS ou tpu t  ramp r a t e  does n o t  exceed a p r e s c r i b e d  maximum va lue  
based on t ime  o f  day. Such a c o n t r o l l e r  w i l l  r e q u i r e  a n t i c i p a t o r y  wind v e l o -  
c i t y  I n f o r m a t i o n  t h a t  may be ob ta ined  f rom wind v e l o c i t y  sensors p o s i t i o n e d  
upwind. Some recent  work [22 ]  has focussed on t h i s  problem. 
I n  a n t i c i p a t i o n  o f  a decrease i n  p r e v a i l i n g  wind speed and a r e s u l t i n g  decrease 
i n  WPS ou tpu t ,  t he  c o n t r o l l e r  c o u l d  beg in  decreas ing  t h e  WPS o u t p u t  I n  advance, 
s o  as t o  spread the decrease i n  o u t p u t  over  a l onger  t i m e  p e r i o d .  
t h e  WPS ramp r a t e  c o n t r o l l e r  c o u l d  p r e v e n t  t h e  i n d i v i d u a l  t u r b i n e s  f rom 
respond ing  t o o  q u i c k l y  t o  an i n c r e a s e  i n  w ind  v e l o c i t y .  
S i m i l a r l y ,  
A b l o c k  d iagram o f  t h i s  "open- loop WPS ramp r a t e  c o n t r o l "  concept  i s  shown i n  
E x h i b i t  3-4. The c o n t r o l  i s  s a i d  t o  be open l o o p  s i n c e  t h e  u t i l i t y ' s  c e n t r a l  
c o n t r o l  computer (CCC) rece ives  no i n f o r m a t i o n  concern ing  WPS o u t p u t  and has 
no c o n t r o l  over  the WPS. The s i g n i f i c a n t  f e a t u r e s  of t h i s  c o n t r o l  concept  a r e  
t h a t  c o n t r o l  ac t i ons  a r e  based s o l e l y  on l o c a l  WPS i n f o r m a t i o n  and s t a t u s  and 
no m o d i f i c a t i o n s  t o  t h e  C C C  a r e  r e q u i r e d .  
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3.3.3 Feed Forward C o n t r o l  
If t h e  C C C  c o u l d  a n t i c i p a t e  t h a t  f requency  w i l l  be a f f e c t e d  w i t h i n  t h e  same 
p r e s c r i b e d  p e r i o d  by a r a p i d  change i n  WPS power, t h e  r e g u l a t i o n  u n i t  o r  u n i t s  
of  t h e  u t i l i t y  could be ad jus ted  i n  advance t o  compensate f o r  t h e  a n t i c i p a t e d  
WPS power change. Th is  method does n o t  l i m i t  t h e  r a t e  o f  change o f  WPS o u t p u t ;  
and, t h e r e f o r e ,  the maximum p robab le  inc rease/decrease i n  WPS power i s  t h e  same 
as w i t h  t h e  nega t i ve  l o a d  o p e r a t i n g  s t r a t e g y .  However, u t i l i t y  l o a d  f o l l o w i n g  
requ i rements  a r e  reduced s ince  r e g u l a t i n g  u n i t s  w i l l  have more t i m e  t o  respond 
t o  WPS power v a r i a t i o n s .  
A b l o c k  d iagram o f  an "open loop,  feed fo rward "  WPS o p e r a t i n g  concept  i s  shown 
I n  E x h i b i t  3-5.  The concept  i s  open loop,  s i n c e  t h e  C C C  e x e r t s  no c o n t r o l  over  
t h e  WPS and i s  r e f e r r e d  t o  as feed fo rward  s i n c e  t h e  C C C  rece ives  a n t i c i p a t o r y  
i n f o r m a t i o n  about  the WPS ramp r a t e s .  
wind energy p roduc t i on  i s  maximized and o n l y  minor  changes a r e  r e q u i r e d  i n  t h e  
C C C .  A disadvantage i s  t h a t  t i g h t  c o n s t r a i n t  on WPS p e n e t r a t i o n  l e v e l  o f  t o t a l  
c o n v e n t i o n a l  genera t ing  c a p a c i t y  may s t i l l  be necessary t o  avo id  v i o l a t i o n s  o f  
some u t i l i t y  ope ra t i ng  g u i d e l i n e s .  
. 
The advantage o f  t h i s  approach i s  t h a t  
3.3.4 Feedback Cont ro l  
The advantages o f  the WPS r a t e  l i m i t i n g  c o n t r o l l e r  and t h e  feed  fo rward  con- 
t r o l  can be combined by f u l l y  i n t e g r a t i n g  WPS o p e r a t i o n s  w i t h  t h e  u t i l i t y ' s  
l oad  f requency  c o n t r o l  system. Such a s t r a t e g y  r e q u i r e s  t h a t  i n f o r m a t i o n  be 
exchanged between a WPS c o n t r o l l e r  and t h e  C C C .  
t r a n s m i t  t o  t h e  C C C  t h e  a n t i c i p a t e d  WPS ramp r a t e  and would r e c e i v e  f rom t h e  
C C C  t h e  maximum a l l owab le  WPS ramp r a t e  based on t h e  c u r r e n t  o p e r a t i n g  
c o n d i t i o n .  
The WPS c o n t r o l l e r  would 
A " c losed  loop feedback c o n t r o l "  concept  b l o c k  d iagram i s  shown I n  E x h i b i t  3-6.  
The c o n t r o l  i s  c losed loop  s lnce  t h e  C C C  can a c t u a l l y  " d i s p a t c h "  t h e  WPS o u t -  
p u t .  Th l s  fo rm o f  c o n t r o l  may s i g n i f i c a n t l y  improve c o m p a t i b i l i t y  between WPS 
and t h e  u t i l i t y ' s  automat ic  g e n e r a t i o n  c o n t r o l  system, s i n c e  power p r o d u c t i o n  
f rom conven t iona l  u n i t s  and wind p l a n t s  can be economica l l y  op t im ized  w h i l e  
meet ing  t r a d i t i o n a l  u t i l i t y  o p e r a t i n g  c r i t e r i a .  
The p r o g r e s s i o n  i n  comp lex i t y  o f  t h e  c o n t r o l  scheme f o r  t h e  WPS t o  p r o v i d e  good 
m a n a g e a b i l i t y  and a l s o  inc reases  t h e  d a t a  requ i rements  on t h e  s t a t u s  o f  i n d i -  
v i d u a l  w ind  tu rb ines ,  t h e  e n t i r e  WPS, and t h e  u t i l i t y .  A t  each s tep  i n  com- 
p l e x i t y  knowledge of t h e  WPS power l e v e l ,  i n f o r m a t i o n  about  t h e  wind, f o r e c a s t s  
o f  f u t u r e  power p roduc t i on  ( t r e n d s )  and c o o r d i n a t i o n  w i t h  u t i l i t y  d i s p a t c h  of  
c o n v e n t i o n a l  p l a n t s  i s  r e q u i r e d .  Open research  ques t i ons  focus  on t h e  o v e r a l l  
economic va lue  of c o n t r o l  t o  t h e  e l e c t r i c  system and how b e s t  t o  implement I t .  
3.4 Wind Power S t a t i o n  Dynamics 
A s  no ted  i n  Sec t ion  2.3 t h e  dynamic behav io r  o f  s i n g l e  w ind  t u r b i n e s  has been 
e x t e n s i v e l y  s tud ied .  However r e l a t i v e l y  l i t t l e  a t t e n t i o n  has been p a i d  t o  t h e  
dynamic i n t e r a c t i o n  between a WPS and e l e c t r i c  u t i l i t y  systems. One s tudy  
which has considered t h e  dynamic performance o f  a WPS composed o f  CSCF w ind  
t u r b i n e s  i n d i c a t e d  t h a t  many o f  t h e  conc lus ions  about  t h e  dynamic behav io r  o f  
s i n g l e  w ind  t u r b i n e s  can be extended t o  a WPS o f  such machines [ 6 ] .  I n  p a r t i c -  
u l a r ,  t h e  low s h a f t  s t i f f n e s s  p reven ts  any a p p r e c i a b l e  i n t e r a c t i o n  o f  t h e  low 
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speed s h a f t  modes among ad jacen t  wind t u r b i n e s .  Th is  i m p l i e s  t h a t  l o c a l i z e d  
gus ty  c o n d i t i o n s  a t  one wind t u r b i n e  s i t e  w i l l  n o t  e x c i t e  low f requency t o r -  
s i o n a l  modes o f  genera tors  a t  ne ighbor ing  s i t e s .  The f requency o f  t h e  low 
speed s h a f t  mode does n o t  change apprec iab l y  i n  a m u l t i - u n i t  WPS and conse- 
q u e n t l y  wind t u r b i n e  c o n t r o l  systems f o r  s o f t - s h a f t  u n i t s  can be designed 
independent  o f  t h e i r  a p p l i c a t i o n  ( f i e l d  o p t i m i z a t i o n  w i l l  n o t  be necessary i f  
t h e  machines a r e  n o t  t o o  c l o s e l y  spaced). 
I n  a c l u s t e r  o f  N wind t u r b i n e  genera tors  t h e r e  w i l l  be N e l e c t r i c a l  o r  "syn- 
c h r o n i z i n g "  modes. N-1 o f  these e l e c t r i c a l  modes w i l l  be assoc ia ted  w i t h  t h e  
genera to r - to -genera to r  i n t e r a c t i o n s  w i t h i n  t h e  WPS, a phenomena comp le te l y  
analogous t o  t h e  s i t u a t i o n  o f  m u l t i p l e  conven t iona l  genera to rs  r e s l d i n g  w i t h i n  
t h e  same power house. E l e c t r i c a l  d is tu rbances  on t h e  h i g h  v o l t a g e  s i d e  o f  t h e  
c o l l e c t o r  bus w i l l  n o t  be a b l e  t o  e x c i t e  t h e  intra-WPS e l e c t r i c a l  modes s i n c e  
t h e  genera tors  w i t h i n  t h e  WPS a r e  so s t i f f l y  connected t h a t  t hey  w i l l  t end  t o  
swing as one coherent  group. 
i s  a h i g h l y  d e s i r a b l e  e l e c t r i c a l  c h a r a c t e r i s t i c .  The remain ing  e l e c t r i c a l  
mode w i l l  desc r ibe  t h e  mo t ion  o f  the e n t i r e  WPS a g a i n s t  t h e  power system. 
The coherent behav io r  o f  genera to rs  w i t h i n  a WPS 
The dynamic behavior  o f  a WPS c o n s i s t i n g  o f  V S C F  wind t u r b i n e s  w i l l  depend on 
t h e  d e t a i l s  of t h e  genera t i ng  system and t h e  connec t ion  o f  wind t u r b i n e s  w i t h i n  
t h e  WPS. A recen t  s tudy [20 ]  cons ide r ing  s e r i e s  A C / D C / A C  V S C F  wind genera to rs  
connected t o  a nine-bus system, concluded t h a t  t h e  WPS w i l l  n o t  have a s i g n i f -  
i c a n t  e f f e c t  on system s t a b i l i t y  when p r o p e r l y  compensated. 
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7he r e s u l t s  showed t h a t  r e a c t i v e  power compensation i s  necessary f o r  v o l t a g e  
suppor t .  I n  a d d i t i o n ,  t h e  s tudy  concludes t h a t  t h e r e  w i l l  n o t  be any e l e c t r i -  
c a l  i n t e r a c t i o n  between genera tors  connected i n  such a f a s h i o n .  However, more 
research  1s needed t o  s tudy  t h e  i n t e r a c t i o n  between genera to rs  i n  a WPS u s i n g  
d i f f e r e n t  t ypes  of VSCF systems and o t h e r  p o t e n t i a l  connec t ion  s t r a t e g i e s .  
F a u l t  response i s  an area  i n  which WPS dynamics may have a s i g n i f i c a n t  impact  
on system r e l i a b i l i t y .  S p e c i f i c a l l y ,  t h e  concern i s  t h a t  t h e  wind t u r b i n e s  
may reduce system s e c u r i t y  by i n c r e a s i n g  t h e  l i k e l i h o o d  o f  l o s s  o f  g e n e r a t i o n  
f o l l o w i n g  temporary network d i s tu rbances  such as f a u l t s .  Convent iona l  t u r b i n e  
genera to rs  can r l d e  th rough temporary f a u l t s  t h a t  a r e  s u c c e s s f u l l y  c l e a r e d  by 
t h e  p r o t e c t i o n  s y s t e m  and q u i c k l y  r e t u r n  t o  normal o u t p u t .  However, most wind 
t u r b i n e s  have a microprocessor-based c o n t r o l l e r  t h a t  i s  programmed t o  p r o t e c t  
t h e  wind t u r b i n e  f r o m  damage by s h u t t i n g  t h e  u n i t  down when a f a u l t e d  c o n d i t i o n  
i s  de tec ted .  I n  h igh  wind t u r b i n e  p e n e t r a t i o n  scenar ios  t h e  ensemble o f  wind 
t u r b i n e s  t h a t  may be shut  down f o l l o w i n g  a f a u l t  c o u l d  rep resen t  a s i g n i f i c a n t  
f r a c t i o n  o f  t h e  on - l i ne  genera t i on .  
l o g i c  i s  then t o  conver t  a n o r m a l l y  temporary network d i s t u r b a n c e  i n t o  a major  
cont ingency  resembl ing t h e  l o s s  o f  a l a r g e  g e n e r a t i n g  u n i t .  
The e f f e c t  o f  wind t u r b i n e  p r o t e c t i o n  
4 . 0  POWER SYSTEM PLANNING AND OPERATION 
The acceptance o f  wind t u r b i n e  technology depends upon i t s  economic and tech -  
n i c a l  va lue .  Wind t u r b i n e s  appear t o  have g r e a t  promise i n  t h i s  rega rd  f o r  
reg ions  where t h e  wind resource  i s  p l e n t i f u l  and r e l a t i v e l y  p r e d i c t a b l e  such as 
i n  t h e  C a l i f o r n i a  W P S ' s .  I n  t h i s  sec t i on ,  t h e  i s s u e  o f  p l a n n i n g  and o p e r a t i n g  
u t i l i t y  systems w i t h  wind t u r b i n e s  i s  examined. Where p o s s i b l e ,  shor tcomings 
i n  t h e  p l a n n i n g  and o p e r a t i o n s  process f o r  d e a l i n g  w i t h  i n d i v i d u a l  wind t u r -  
b ines  o r  WPSs w i l l  be I d e n t i f i e d .  Because t h e  p l a n n i n g  process i s  h i e r a r c h i a l  
beg inn ing  w i t h  opera t ions  p l a n n i n g  f o l l o w e d  by f a c i l i t i e s  p lann ing ,  c o r p o r a t e  
p lann ing ,  and f i n a l l y  s t r a t e g i c  p lann ing ,  each o f  these w i l l  be addressed as 
t h e r e  a r e  impor tan t  shor tcomings i n  each f o r  d e a l i n g  w i t h  wind t u r b i n e s .  The 
area  o f  opera t i ons  i s  l a r g e l y  concerned w i t h  t h e  c o n t r o l l a b i l i t y  and manage- 
a b i l i t y  o f  wind t u r b i n e s  and WPSs th rough deve lop ing  d i s p a t c h  and c o n t r o l  
procedures and an unders tand ing  o f  t h e i r  t r a n s i e n t  and dynamic performance. 
The o b j e c t i v e  o f  t h i s  d i s c u s s i o n  i s  t o  i d e n t i f y  research  areas t o  fo rm a con- 
c i s e  and cohes ive  approach t o  unders tand ing  and removing t h e  impediments t o  
p l a n n i n g  f o r  and opera t i ng  w i t h  wind t u r b i n e s  i n t e r c o n n e c t e d  t o  a conven t iona l  
u t i l i t y  system. 
4 . 1  Power System P lann ing  
For t h e  m o s t  p a r t ,  wind t u r b i n e s  have been p lanned a t  t h e  c o r p o r a t e  and f a c i l -  
i t i e s  p l a n n i n g  l e v e l s .  The s t r a t e g i c  i ssues  a r e  more t y p i c a l l y  n o n i n t e r -  
connect ion  issues  concerned w i t h  wind resources,  l o c a t i o n s ,  s t r e n g t h ,  and 
v a r i a b i l i t y ;  never the less ,  f o r  completeness t h i s  d i s c u s s i o n  should be i n c l u d e d .  
Corporate p l a n n i n g  addresses t h e  economic and f i n a n c i a l  i ssues  a s s o c i a t e d  w i t h  
g i v e n  expansion p lans.  F a c i l i t i e s  p l a n n i n g  i n v e s t i g a t e s  t h e  p r o d u c t i o n  and 
r e l i a b i l i t y  i ssues  t o  p r o v i d e  i n p u t  i n t o  c o r p o r a t e  ana lyses  and t o  weed o u t  
o b v i o u s l y  undes i rab le  p lans  e i t h e r  because of unacceptab le  c o s t s  o f  p r o d u c t i o n  
o r  unacceptable l e v e l s  o f  system r e l i a b i l i t y .  W i t h i n  f a c i l i t i e s  p l a n n i n g  a 
d i s c u s s i o n  o f  t h e  wind t u r b i n e  i n t e r c o n n e c t i o n  i ssues  a t  t h r e e  l e v e l s  i s  
o f f e r e d :  genera t ion ,  t ransmiss ion ,  and d i s t r i b u t i o n .  T h i s  i s  necessary s i n c e  
wind t u r b i n e s  can impact t h e  r e l i a b i l i t y  and c o s t  of p r o d u c t i o n  and d e l i v e r y  o f  
each o f  these systems. 
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4.1.1 S t r a t e g i c  P lann ing  
The i n t e r c o n n e c t i o n  o f  wind t u r b i n e s  t o  conven t iona l  e l e c t r i c  energy systems 
I s  d r i v e n  by t h e  c h a r a c t e r i s t i c s  o f  t h e  two techno log ies .  I n  Sec t i ons  2.0 
and 3.0, c u r r e n t  wind t u r b i n e  performance C h a r a c t e r i s t i c s  and connec t ion  con- 
f i g u r a t i o n  have been d iscussed.  Ernphasls was p laced on how wind t u r b i n e s  a r e  
operated,  deployed,  and c o n t r o l l e d .  A s  new concepts a r e  e v o l v i n g ;  e.g., v a r i -  
a b l e  speed techno log ies ;  new in te r face /power  c o n d i t i o n i n g  techno logy  r e q u i r e -  
ments have a l s o  evo lved.  Advances i n  wind t u r b i n e  des ign  a r e  ongoing which 
change t h e i r  dynamic behav io r ,  t h e  energy p r o d u c t i o n  e f f i c i e n c y ,  e t c .  The 
s t r a t e g i c  p l a n n i n g  i s s u e  i s  t h a t  o f  techno logy  f o r e c a s t i n g ;  i . e . ,  what t y p e  o f  
wind t u r b i n e / i n t e r f a c e  w i l l  be a v a i l a b l e  i n  t h e  years t o  come and what w i l l  
t h e i r  combined performance c h a r a c t e ' r i s t i c s  l o o k  l i k e ?  A s  t h e  WPS concept  
evo lves ,  new c o l l e c t i o n  techn iques  may develop.  A p l a u s i b l e  techno logy  may be 
t h e  use o f  wind t u r b i n e s  i n te rconnec ted  th rough  DC energy c o n v e r t e r s  t o  a h i g h  
v o l t a g e  d i r e c t  c u r r e n t  (HVDC) t ransmiss ion  system. H V D C  t r a n s m i s s i o n  i s  eco- 
n o m i c a l l y  and o p e r a t i o n a l l y  super io r  t o  h i g h  v o l t a g e  AC systems i n  many a p p l i -  
c a t i o n s  i n v o l v i n g  i n t e r c o n n e c t i n g  asynchronous sources l o c a t e d  f a r  f rom major  
l o a d  c e n t e r s .  
The a v a i l a b i l i t y  o f  f u t u r e  wind t u r b i n e  c o n f i g u r a t i o n s  must be f a c t o r e d  i n t o  
any long- range expansion p l a n .  Because o f  t h e  i n t e r m i t t e n t  c h a r a c t e r  o f  wind 
energy and t h e  advancements i n  technology,  i t  i s  i m p o r t a n t  t o  engage i n  tech-  
no logy  f o r e c a s t i n g  t o  p r o v i d e  corpora te  and f a c i l i t i e s  p lanners  w i t h  t h e  
necessary economic and t e c h n i c a l  data needed t o  cons ide r  f u t u r e  wind t u r b j n e  
o p t i o n s .  Thus, t h e  development o f  a wind t u r b i n e  techno logy  f o r e c a s t i n g  
method I s  needed. 
4.1.2 Corpora te  P lann ing  
Corpora te  p l a n n i n g  dea ls  p r i m a r i l y  w i t h  economic and f i n a n c i a l  i ssues  assoc i -  
a ted  w i t h  a g i v e n  f a c i l l t l e s  expansion p l a n .  Plans t h a t  a r e  sub jec ted  t o  f u l l  
c o r p o r a t e  analyses a r e  assumed t o  have accep tab le  r e l i a b  l i t y  and p r o d u c t i o n  
c h a r a c t e r i s t i c s .  The a n a l y s i s  o f  system r e l i a b i l i t y  and p r o d u c t i o n  c h a r a c t e r -  
i s t i c s  i s  performed and eva lua ted  by f a c l l i t i e s  p lanners  who a r e  i n t i m a t e l y  
f a m i l i a r  w i t h  t h e  performance requi rements o f  t h e  o v e r a l  system. 
Corpora te  p lanners  a r e  t y p i c a l l y  i n t e r e s t e d  i n  answer ing ques t i ons  l i k e :  
o What w i l l  be t h e  f u t u r e  annual revenue requ i rements  i f  t h e  cand ida te  
wind t u r b i n e  i s  cons t ruc ted  and i n t e r c o n n e c t e d  t o  t h e  e x i s t i n g  
system? 
o What a r e  t h e  chances o f  f avo rab le  u t i l i t y  r a t e  r e l i e f  c o n s i d e r a t i o n s  
be ing  g i v e n  f o r  a wind genera t ion  expansion p lan?  
o What w i l l  t h e  wind genera t ion  p l a n  do t o  c o r p o r a t e  f i n a n c i a l  
parameters l i k e  y i e l d ,  r a t e  o f  r e t u r n ,  d i v idends ,  r e t u r n  on e q u i t y ?  
o What w i l l  t h e  i n t r o d u c t i o n  o f  wind g e n e r a t i o n  do t o  t h e  c o s t  o f  
money, b o t h  e q u i t y  and debt? W i l l  i n v e s t o r s  p e r c e i v e  t h e  
techno logy  f a v o r a b l y ?  
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o To what ex ten t  does t h e  wind g e n e r a t i o n  expansion p l a n  i nc rease /  
decrease revenue requi rements f o r  t r a n s m i s s i o n  and d i s t r i b u t i o n  
( T&D) ? 
o W i l l  t h e  Board o f  D i r e c t o r s  o f  t h e  u t i l i t y  v iew t h e  bus iness  r l s k  
f a c t o r s  f a v o r a b l y  o r  un favo rab ly?  
o What impact w i l l  a wind g e n e r a t i o n  expansion p l a n  have on t h e  a b i l i t y  
t o  secure f i n a n c i n g  f o r  non-wind t u r b i n e  requi rements? 
Expansion o f  c u r r e n t  techn iques  f o r  add ress ing  c o r p o r a t e  l e v e l  ques t i ons  f o r  
wind g e n e r a t i o n  expansion p lans  suggest t h a t  t h e r e  a r e  research  problems t o  be 
addressed b u t  t hey  a re  o f  a p o l i c y  na tu re .  
t h e  f i n a n c i a l  impact o f  wind t u r b i n e  r e l a t e d  p o l i c i e s  i f  t h e  p o l i c i e s  a r e  
c l e a r l y  enumerated. For  example: 
Corpora te  t o o l s  e x i s t  t o  q u a n t i f y  
o I f  wind t u r b i n e s  a r e  t o  be encouraged, when should u t i l i t i e s  be 
a l l owed  t o  e n t e r  them i n  t h e  r a t e  base? Should they  g e t  100% 
recovery  when they  a r e  a l lowed? 
o Should i n v e s t o r s  be g i v e n  a government backed guarantee t o  remove 
some o f  the r i s k ?  O r  should t h e  Government p lan ,  c o n s t r u c t ,  and 
opera te  wind t u r b i n e s  and s e l l  p r o d u c t i o n  t o  t h e  u t i l i t y  network? 
o I f  t h i r d - p a r t y  ownership i s  t o  be encouraged, what p r i n c i p l e s  and 
procedures a r e  t o  be used t o  e s t a b l i s h  PURPA avoided cos ts  
f i g u r e s ?  
on avoided cos t?  
Should u t i l i t y  purchase o f  wind generated energy be based 
o How should t h e  i n t e r m i t t e n t  n a t u r e  o f  wind energy be t r e a t e d  
f i n a n c i a l l y ?  Should t h e r e  be an a v a i l a b i l i t y  p e n a l t y ?  
o Who i s  r espons ib le  f o r  t h e  i n t e r m i t t e n t  power p r o d u c t i o n  f rom t h e  
w ind  resource? The i n v e s t o r s ,  t h e  consumers, t h e  u t i l i t y ,  o r  t h e  
Government? 
There e x i s t  ve ry  few  comprehensive t o o l s  f o r  add ress ing  these p o l i c y  q u e s t i o n s .  
The reason f o r  t h i s  stems from t h e  l a c k  of an adequate database and t h e  l a c k  o f  
a log ic -based co rpo ra te  a n a l y s i s  package. A comprehensive t o o l  package i s  an 
area  o f  needed research.  
4 . 1 . 3  F a c i l i t l e s  Planning 
Perhaps more e f f o r t  has been p u t  i n t o  wind g e n e r a t i o n  f a c i l i t i e s  p l a n n i n g  than  
a l l  o t h e r  combined [23]. I t  i s  he re  t h a t  r e l i a b i l i t y  and p r o d u c t i o n  ques t i ons  
have been r a i s e d .  D e t a i l e d  wind t u r b i n e  models a r e  needed t o  c o n v e r t  w ind  
resource  da ta  i n t o  a v a i l a b l e  c a p a c i t y .  Opera t i ona l  procedures a f f e c t i n g  t h e  
a v a i l a b l e  c a p a c i t y  must be s p e c i f i e d .  Capac i ty  commitment s t r a t e g i e s  have t o  
be d e f i n e d  a long  w i t h  r e l i a b i l i t y  performance c h a r a c t e r i s t i c s  o f  t h e  wind t u r -  
b i n e  o r  WPS and t h e  e x i s t i n g  system. 
Beyond r e l i a b i l i t y  and p r o d u c t i o n  issues ,  f a c i l i t i e s  p lanners  must a l s o  address 
t h e  T&D ques t ions  which i n v a r i a b l y  i n c l u d e  i ssues  l i k e  wind t u r b i n e  e f f e c t s  
on system power f l o w s ,  vo l tages ,  VAR requ i rements ,  f requency,  s h o r t  c i r c u i t  
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c u r r e n t s ,  p r o t e c t i o n ,  m o n i t o r i n g ,  and c o n t r o l .  I n  genera l ,  e f f e c t i v e  t o o l s  do 
e x i s t  f o r  much o f  t h e  r e q u i r e d  a n a l y s i s ,  b u t  n o t  a l l .  Perhaps t h e  most s i g n i f -  
i c a n t  i s s u e  f a c i n g  t h e  engineer  f o r  f a c i l i t i e s  p l a n n i n g  i s  t h e  c o n f i g u r a t i o n  
requi rements f o r  WPS. Var ious aspects o f  WPS c o n f i g u r a t i o n  have been d iscussed 
i n  S e c t i o n  3.0 and i n d i c a t e  t h a t  a wide v a r i e t y  o f  cho ices  a r e  a v a i l a b l e .  A 
s u i t a b l e  cho ice  w i l l  be made by l o o k i n g  a t  t h e  u t i l i t i e s  t o t a l  approach t o  
techno logy  use and s tandard  p r a c t i c e s  f o r  s e l e c t i n g  t rans fo rmers ,  p l a c i n g  reac-  
t i v e  compensation, and de te rm in ing  v o l t a g e  l e v e l  requ i rements .  
I n  t h e  n e x t  two subsec t ions ,  a more d e t a i l e d  examinat ion  o f  unreso lved R&D 
problems w i l l  be p resented  r e l a t i v e  t o  p l a n n i n g  t h e  i n t e r c o n n e c t i o n  o f  wind 
t u r b i n e s  t o  power systems. For c l a r i t y ,  t h e  d i s c u s s i o n  w i l l  be p resented  i n  
t h e  c o n t e x t  o f  t h e  c u r r e n t  s t a t e - o f - t h e - a r t  t o  h i g h l i g h t  what a d d i t i o n a l  t o o l s ,  
methodology, and procedures a r e  needed t o  comprehensive ly  examine wind t u r b i n e  
connected t o  modern power systems. 
4.1.3.1 Capac i ty  P lann ing  
One o f  t h e  most comprehensive s tud ies  conducted t o  examine t h e  e f f e c t s  o f  wind 
t u r b i n e s  i n te rconnec ted  t o  modern systems was sponsored by S E R I  [24,25,26,27]. 
B r i e f l y ,  t h e  s tudy i n v o l v e d  two d i f f e r e n t  u t i l i t i e s ,  Southern C a l i f o r n i a  Edison 
and Consumers Power, w i t h  t h e  pr imary  emphasis be ing  t h e  development o f  a r e l i -  
a b i l i t y  and va lue  a n a l y s i s  methodology t o  p r o p e r l y  c h a r a c t e r i z e  t h e  impacts  o f  
wind genera t i on .  Four d i f f e r e n t  methods were used i n  t h e  a n a l y s i s  and t h e  
r e s u l t s  compared. I n  genera l ,  t he re  were f o u r  s teps t o  t h e  a n a l y s i s :  1 )  wind 
t u r b i n e  performance e s t i m a t i o n ,  2) l o a d  m o d i f i c a t i o n s  t o  account  f o r  wind t u r -  
b ines ,  3 )  p r o d u c t i o n  and c a p a c i t y  a n a l y s i s ,  and 4) va lue  a n a l y s i s .  The f o u r  
methods were denoted by S E R I - W ,  SERI -H ,  AERO, and JBF t o  i n d i c a t e  which con- 
t r a c t o r ' s  method was be ing  employed. S E R I  conducted t h e  s tudy  u s i n g  t w o  ve ry  
d i f f e r e n t  methods f o r  de te rm in ing  the  m o d i f i e d  loads .  One method, SERI-2, i s  
a p r o b a b i l i s t i c  method; and t h e  o ther ,  SERI-H,  i s  a d e t e r m i n i s t i c  h o u r l y  
method. An overv iew o f  t h e  va lue  a n a l y s i s  methods f o r  each o f  t h e  f o u r  
approaches i s  shown i n  E x h i b i t  4-1 [28 ] .  
The compara t ive  a n a l y s i s  o f  t h e  four  methods suggested t h a t  t hey  a l l  work w e l l  
i n  e s t i m a t i n g  t h e  p r o d u c t i o n  impacts o f  wind t u r b i n e s  I f  t h e  conven t iona l  p r o -  
d u c t i o n  i s  ve ry  p r e d i c t a b l e .  However, i n  those cases where resources  e x i s t  
t h a t  a r e  d i f f i c u l t  t o  model, l i k e  pumped hydro  o r  a r e  mode l led  i n  q u i t e  d i f -  
f e r e n t  ways by t h e  s tudy  groups, a g r e a t  dea l  o f  v a r i a b i l i t y  i n  r e s u l t s  i s  
seen. Th is  suggests more o f  a d i f f e r e n c e  i n  how such techno log ies  a re  p e r -  
ce l ved  t o  be used i n  a g i v e n  u t i l i t y  t han  a s i g n i f i c a n t  s i m u l a t i o n  problem. 
A lso  t h e  d e t e r m i n a t i o n  o f  wind t u r b i n e  c a p a c i t y  va lue  as measured u s i n g  " E f f e c -  
t i v e  Load C a r r y i n g  C a p a b i l i t y  (ELCC)" f o r  t h e  cases s t u d i e d  showed g r e a t  v a r i -  
a b l l i t y  i n  r e s u l t s .  The s i m u l a t i o n  problems here  can be a t t r i b u t e d  t o  t h e  
d i f f e r e n t  r e l i a b i l i t y  c a l c u l a t i o n  methods used as w e l l  as d i f f e r e n c e s  i n  t h e  
way t h e  m o d i f i e d  loads a r e  determined. Of t h e  r e l l a b i l i t y / E L C C  methods 
employed, t h e  one used i n  t h e  SERI-2 method t r e a t e d  t h e  wind c a p a c i t y  most 
r i g o r o u s l y .  A We ibu l l  d i s t r i b u t i o n  was developed u s i n g  two m inu te  wind d a t a  
f o r  wind speeds above c u t - i n .  These d i s t r i b u t i o n s  were then  processed u s i n g  
t h e  w ind /capac l t y  model t o  c a l c u l a t e  t h e  h o u r l y  c a p a c i t y  d i s t r i b u t i o n  used t o  
modi fy  t h e  l o a d  da ta .  E a r l y  d i f f l c u l t i e s  w i t h  t h i s  approach uncovered t h e  
n e c e s s i t y  o f  u s i n g  o n l y  wind speeds above c u t - i n  t o  a v o i d  underes t ima t ing  t h e  
wind c a p a c i t y  a v a i l a b l e .  The methods u s i n g  h o u r l y  average u n i t  o u t p u t  da ta  
can s e r i o u s l y  underes t imate  t h e  l e v e l  of s p i n n i n g  rese rve  r e q u i r e d  t o  cover  
t h e  second-by-second and minute-by-minute f l u c t u a t i o n s  o f  t h e  wind resource .  
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No a t tempt  was made i n  any of these s t u d i e s  t o  s i m u l a t e  i n t e r c o n n e c t e d  u t i l i -  
t i e s  i n  any d e t a i l .  I n  a d d i t i o n ,  l i m i t e d  a t t e n t i o n  has been made t o  model 
I n t r a - s t a t i o n  c a p a c i t y  e f f e c t s  o f  WPSs [19] and one s tudy  [29] examines t h e  
use o f  c o n t r o l  t o  manage WPS power p r o f i l e s .  The methodology and s i rnu la t i on  
approaches c u r r e n t l y  a v a i l a b l e  b a s i c a l l y  i g n o r e  t h e  wind t u r b i n e  o p e r a t i n g  
c o n s t r a i n t s  except  f o r  those t h a t  can be superimposed on t h e  s tandard  per fo rm-  
ance c h a r a c t e r i s t i c s .  For t h e  most p a r t ,  a l l  o f  t h e  ana lyses  were conducted 
u s i n g  l a r g e  main-frame computers i n  o r d e r  t o  accommodate t h e  s i m u l a t i o n  codes 
used. I n  t o d a y ' s  computing environment, t h i s  i s  a drawback o f  t h e  methods 
developed, as i s  t h e  l a c k  o f  mixed language programming c a p a b i l i t y .  Thus, i n  
genera l ,  research  i s  needed t o  reduce t h e  bas i c  computer requ i rements ,  bo th  
s i z e  and speed, t o  f a c i l i t a t e  a more i n t e r a c t i v e  methodology. 
i n t e r m i t t e n t  n a t u r e  of t h e  wind resource, i t  would be ve ry  u s e f u l  t o  have a 
methodology/comput ing environment t h a t  a l l owed  t h e  use o f  p l u g - i n  sub rou t ines  
t o  t e s t  d i f f e r e n t  wind resource  models, d i f f e r e n t  wind t u r b i n e  models, e t c .  
The key f a c t o r  t h a t  must be accounted f o r  i n  p r o d u c t i o n  models i s  t h e  f a s t  
v a r i a b i l i t y  o f  wind t u r b i n e  ou tpu t .  
Given t h e  
I n  a more t h e o r e t i c a l  ve in ,  none o f  t h e  methods c u r r e n t l y  a v a i l a b l e  rep resen t  
a u n i f i e d  approach t o  assess ing i n t e r m i t t e n t  t echno log ies  such as wind,  however 
some piecemeal work has been done [30]. Cur ren t  methods have evo lved over  t i m e  
i n  somewhat o f  a piecemeal f ash ion ,  and were i n tended  t o  d e t a i l  t h e  conven- 
t i o n a l  elements o f  a u t i l i t y  system. I t  i s  c e r t a i n l y  t i m e  t o  s t e p  back and 
reexamine t h e  t h e o r e t i c a l  under -p inn ings  o f  e x i s t i n g  methods. Issues  such as 
s t a t i s t i c a l  independence o f  random events,  p r o b a b i l i s t i c  models and e q u l v a l -  
enc ing,  combin ing sums and products  o f  random system q u a n t i t i e s ,  i n c o r p o r a t i n g  
randomness i n  system o p e r a t i o n a l  r u l e s ,  e t c . ,  a r e  a l l  l e g i t i m a t e  concerns.  
4.1 -3.2 T&D P lann ing  
P lann ing  t h e  d e l i v e r y  system f o r  a modern e l e c t r i c  u t i l i t y  c o n t a i n i n g  wind 
t u r b i n e s  p resen ts  a problem o f  even g r e a t e r  magnitude than t h a t  o f  c a p a c i t y  
p l a n n i n g  [31]. I n  c a p a c i t y  p lann ing ,  t h e  d e l i v e r y  system i s  i gno red  which 
means i t  i s  t r e a t e d  w i t h  complete c e r t a i n t y  and assumed t o  have no i n f l u e n c e  
on c a p a c i t y  p lann ing .  C l e a r l y  t h i s  i s  n o t  t r u e  b u t  I t  i s  done t o  s i m p l i f y  t h e  
o v e r a l l  p l a n n i n g  process.  I n  T&D p lann ing ,  t h e  tendency i s  t o  i g n o r e  t h e  
e f f e c t s  o f  t h e  genera t i on  f a c i l i t i e s  by r e p r e s e n t i n g  t h e  a v a i l a b i l i t y  o f  such 
f a c i l i t l e s  as known q u a n t i t i e s .  With wind g e n e r a t i o n  such assumptions a r e  no 
l onger  v a l i d  s i n c e  wind i s  i n t e r m i t t e n t .  Th is  f a c t o r  coupled w i t h  t h e  dimen- 
s i o n a l i t y  and m u l t i p l i c i t y  o f  s ta tes  t h a t  t h e  d e l i v e r y  system can r e s i d e  i n  
makes T&D p l a n n i n g  w i t h  wind genera t i on  more complex. There a r e  few fo rmal  
methods, e.g., o f  de te rm in ing  t h e  d i s t r l b u t i o n  o f  l i n e  f l ows  on major  t r a n s -  
m i s s i o n  f a c i l i t i e s  as a r e s u l t  o f  the i n t e r m i t t e n t  n a t u r e  o f  wind genera t i on .  
I n  those ins tances  where wind genera t i on  p e n e t r a t i o n  l e v e l s  a r e  low, such simu- 
l a t i o n  inadequacies may n o t  be p a r t i c u l a r l y  impor tan t .  However, f o r  modera te ly  
h i g h  p e n e t r a t i o n s  o r  d u r i n g  p e r i o d  when l o a d  d i v e r s i t y  I s  low, l o c a l i z e d  T&D 
problems can a r i s e .  
T&D p lanners  t y p i c a l l y  a r e  faced w i t h  de te rm in ing  when new f a c i l i t i e s  a r e  
needed and what c a p a c i t y  l e v e l s  a re  r e q u i r e d .  
powerf low a n a l y s i s ,  s t a b i l i t y  ana lys i s ,  and s h o r t  c i r c u i t  a n a l y s i s .  None o f  
these t o o l s  r e a d i l y  a l l o w  t h e  s i m u l a t i o n  o f  random resource  such as wind. A t  
bes t ,  examin ing a p o t e n t i a l  WPS would i n v o l v e  a sequence o f  s t u d i e s  one f o r  
each a n t i c i p a t e d  c a p a c i t y  l e v e l  and f o r  each p robab le  system cont ingency .  
These i ssues  a r e  addressed u s i n g  
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Since u t i l i t i e s  g e n e r a l l y  examine numerous s i n g l e  and doub le  con t ingenc ies ,  
and s i n c e  t h e  a v a i l a b l e  c a p a c i t y  f rom wind t u r b i n e s  i s  h i g h l y  random, t h e  
sheer number o f  s tud ies  t o  be examined i s  p r o h i b i t i v e l y  l a r g e .  Techniques 
t h a t  can equ iva lence t h a t  p o r t i o n  o f  t h e  system n o t  i n f l u e n c e d  by t h e  wind 
t u r b i n e  would be very h e l p f u l  t o  p lanners  and would a l l o w  them t o  c o n c e n t r a t e  
on areas impacted by wind t u r b i n e s .  Equ iva lenc ing  methods a r e  a v a i l a b l e ,  b u t  
t h e  p lanner  must d e f i n e  t h e  area  t o  be reduced. 
methods i n  use today produce good s t a t i c  e q u i v a l e n t s  f o r  use i n  d e t e r m i n i n g  t h e  
r e a l  power performance o f  a d e l i v e r y  system b u t  would do r e l a t i v e l y  p o o r l y  i n  
c a p t u r i n g  t h e  e f f e c t s  o f  wind t u r b i n e s  on r e a c t i v e  power. S ince  c o n s t a n t  speed 
t u r b i n e s  u s i n g  i n d u c t i o n  machines and v a r i a b l e  speed systems b o t h  absorb l a r g e  
q u a n t i t i e s  o f  r e a c t i v e  power, i t  i s  i m p o r t a n t  t o  a c c u r a t e l y  model b o t h  r e a l  and 
r e a c t i v e  power e f f e c t s .  
I n  a d d i t i o n ,  many of t h e  
The p r o t e c t i o n  o f  the d e l i v e r y  system I s  c r u c i a l  t o  ensure c o s t - e f f e c t i v e  r e l i -  
a b l e  s e r v i c e .  S i z ing ,  l o c a t i n g ,  and c o o r d i n a t i n g  p r o t e c t i v e  hardware i s  an 
i m p o r t a n t  eng inee r ing  f u n c t i o n .  O f ten  t h e  d a t a  used f o r  t h i s  purpose I s  p r o -  
v ided  by system p lanners u s i n g  a v a i l a b l e  t o o l s .  Being a b l e  t o  a c c u r a t e l y  quan- 
t i f y  wind t u r b i n e  impacts i s  thus  e s s e n t i a l .  S e t t i n g  r e l a y s ,  c o o r d i n a t i n g  
breakers ,  fuses ,  and r e c l o s e r s  a r e  a l l  dependent on s i m u l a t i o n  r e s u l t s .  These 
i ssues  w i l l  be s t r o n g l y  i n f l u e n c e d  by t h e  connec t ion  s t r a t e g y  f o r  t h e  wind t u r -  
b ines ,  i . e . ,  d ispersed o r  as WPSs as was desc r ibed  i n  S e c t i o n  3.0. 
Because wind t u r b i n e s  can produce random f l u c t u a t i o n s  i n  power f l ows ,  problems 
assoc ia ted  w i t h  vo l tage  r e g u l a t i o n ,  feeder  r e a c t i v e  compensation, l o s s  reduc-  
t i o n ,  and t rans fo rmer  l oad  management must be reso lved .  The deployment o f  con- 
t r o l  equipment such as load t a p  changing t rans fo rmers ,  l i n e  r e g u l a t o r s ,  and 
c a p a c i t o r  banks would be e f f e c t i v e  o n l y  i f  t h e  equipment i s  p r o p e r l y  s i z e d  and 
l o c a t e d  f o r  t h e  l e v e l  o f  wind p e n e t r a t i o n  a n t i c i p a t e d .  The use o f  WPS c o n t r o l s  
c o u l d  s i g n i f i c a n t l y  impact these i ssues .  I t  i s  f a i r  t o  say t h a t  as of t h i s  
moment t h e r e  e x i s t  no comprehensive p l a n n i n g  methodology f o r  add ress ing  these 
concerns. Th is  i s  a very  f r u i t f u l  area f o r  f u r t h e r  research  wh ich  would remove 
some o f  t h e  b a r r i e r s  t o  i n t e r c o n n e c t i n g  wind t u r b i n e s  t o  a'modern u t i l i t y .  
4 . 2  Power System Operations 
An e l e c t r i c  u t i l i t y  c o n s i d e r i n g  t h e  a d d i t i o n  o f  wind t u r b i n e s  t o  i t s  power 
g e n e r a t i o n  m i x  must a n t i c i p a t e  t h e  problems which may be imposed on t h e  u t i l -  
i t y ' s  o p e r a t i n g  c o n t r o l  system due t o  t h e  i n t e r m i t t e n t  n a t u r e  o f  t h e  wind 
energy resource .  O f  p r imary  concern i s  t h e  p o s s i b i l i t y  t h a t  t h e  f l u c t u a t i n g  
power i n j e c t e d  by the wind t u r b i n e s  may cause unacceptable d e v i a t i o n s  i n  c r i t i -  
c a l  o p e r a t i n g  performance v a r i a b l e s  such as f requency e r r o r  and t i e  l i n e  power 
d e v i a t i o n .  M a i n t a i n i n g  o p e r a t i n g  per formance w i t h i n  accep tab le  bounds, w h i l e  
accommodating wind power p roduc t i on ,  may r e q u i r e  changes i n  system o p e r a t i o n  
which have assoc ia ted  economic p e n a l t i e s .  Any such p e n a l t i e s  must be a p p l i e d  
a g a i n s t  t h e  va lue  of energy p r o d u c t i o n  f rom t h e  wind.  
The exac t  n a t u r e  and e x t e n t  o f  t h e  o p e r a t i n g  problems imposed on a u t i l i t y  by 
wind e l e c t r i c  genera t i on  i s  u t i l i t y  s p e c i f i c ,  and can o n l y  be de termined by a 
c a r e f u l  eng inee r ing  eva lua t i on .  I m p o r t a n t  c o n s i d e r a t i o n s  i n  such a s tudy  a r e  
wind and wind t u r b i n e  c h a r a c t e r i s t i c s  ( p a r t i c u l a r l y  t h e  t i m e  ra te -o f -change o f  
wind g e n e r a t i o n ) ,  wind t u r b i n e  p e n e t r a t i o n  o f  u t i l i t y  system c a p a c i t y ,  conven- 
t i o n a l  genera t i on  m i x  and response r a t e ,  l o a d  c h a r a c t e r i s t i c s ,  and u t i l i t y  
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o p e r a t i n g  ph i l osophy .  
g e n e r a t i o n  w i t h  system o p e r a t i o n  w i l l  be s t r o n g l y  i n f l u e n c e d  by t h e  degree o f  
c o n t r o l  which t h e  u t i l i t y  can e x e r t  over  power p r o d u c t i o n  f rom t h e  wind. 
I n  a d d i t i o n  t o  these f a c t o r s ,  t h e  c o m p a t i b i l i t y  o f  wind 
An eng ineer ing  e v a l u a t i o n  o f  wind genera t i on  impacts  on system o p e r a t i o n  w i l l  
l i k e l y  be a two-step procedure.  I n  t h e  f i r s t  s tep ,  t h e  u t i l i t y ' s  normal oper-  
a t i n g  s t r a t e g y  i s  u t i l i z e d  and t h e  wind t u r b i n e s  a r e  a l l owed  t o  ope ra te  as 
u n c o n t r o l l e d  genera t ion ,  t h a t  i s  the power system accepts  wind power i n  what- 
ever  q u a n t i t y  i s  a v a i l a b l e  as I n  the s o - c a l l e d  " n e g a t i v e  l oad"  o p e r a t i n g  con- 
c e p t .  Such a s tudy  w i l l  de te rmine  whether t h e  system can accommodate t h e  p ro -  
posed wind energy p e n e t r a t i o n  w i thou t  changing system opera t i on ,  o r  be used t o  
e s t a b l i s h  t h e  l i m i t  on wind p e n e t r a t i o n  above which t h e  o p e r a t i n g  s t r a t e g y  o f  
t h e  u t i l i t y  w i l l  have t o  be mod i f ied .  
above t h e  l i m i t  determined i n  s tep  one, w i l l  conduct a second s tudy  t o  d e t e r -  
mine what changes need t o  be made i n  system o p e r a t i o n  t o  avo id  degraded oper-  
a t i n g  performance. 
A u t i l i t y  seek ing  t o  add wind g e n e r a t i o n  
U t i l i t y  ope ra t i ons  c o n s i s t  o f  two phases: o p e r a t i o n s  p l a n n i n g  ( t h e  s o - c a l l e d  
" p r e d i s p a t c h  problem")  and r e a l  t i m e  o p e r a t i o n s .  Opera t ions  p l a n n i n g  i s  an 
o f f - l i n e  process t h a t  i n v o l v e s  t h e  commitment o f  g e n e r a t i o n  and t r a n s m i s s i o n  
f o r  use over  t h e  nex t  one t o  t h r e e  days. Real t i m e  ope ra t i ons  i n v o l v e  t h e  
o n - l i n e  management and c o n t r o l  of  genera t i ng  u n i t s  and t ransmiss ion .  The over -  
a l l  o b j e c t i v e  o f  u t i l i t y  ope ra t i ons  i s  t o  assure  t h a t  t h e  power system r e l i a b l y  
and economica l l y  meets i t s  load .  Assessing t h e  impacts  o f  wind g e n e r a t i o n  on 
o p e r a t i o n s  p l a n n i n g  and r e a l  t i m e  opera t i ons  a r e  d iscussed separa te l y  below. 
4.2.1 Opera t ions  P lann ing  
Opera t ions  p l a n n l n g  c o n s i s t s  o f  t w o  f u n c t i o n s :  l oad  f o r e c a s t i n g  and u n i t  com- 
mi tment .  The purpose o f  opera t ions  p l a n n i n g  i s  t o  deve lop  a s t r a t e g y  f o r  oper-  
a t i n g  t h e  a v a i l a b l e  genera t i on  resources t o  r e l i a b l y  and economica l l y  meet t h e  
p r e d i c t e d  l oad  on t h e  nex t  day. A load  f o r e c a s t  i s  a p r e d i c t i o n  o f  t h e  h o u r l y  
loads and l o a d  ramp r a t e s  (random minute- to-minute v a r i a t i o n  i n  l oad )  f o r  t h e  
nex t  day. The f o r e c a s t  i s  based on h i s t o r i c a l  l oad  da ta ,  recen t  l oad  t rends  
and a weather f o r e c a s t .  U n i t  commitment i s  t h e  process o f  s e l e c t i n g  f rom t h e  
a v a i l a b l e  g e n e r a t i n g  equipment those s p e c i f i c  u n i t s  t h a t  w i l l  be used t o  meet 
t h e  expected l oad .  I n  l a r g e  u t i l i t i e s ,  t h e  u n i t  commitment f u n c t i o n  i s  pe r -  
formed by an o p t i m i z a t i o n  program which cons ide rs  such f a c t o r s  as p l a n t  
s ta r tup-shutdown c o s t ,  f u e l  c o s t  and u n i t  e f f i c i e n c y ,  and u n i t  ramp r a t e .  The 
o u t p u t  o f  t h e  program I s  a m ix  o f  baseload u n i t s ,  i n t e r m e d i a t e  u n i t s  ( t h o s e  
ass igned t o  economic d i s p a t c h  and r e g u l a t i o n )  and peak ing  u n i t s  which w i l l  
a l l o w  t h e  system t o  r e l i a b l y  f o l l o w  l o n g  t e r m  (hour - to -hour )  and s h o r t  t e rm 
(minu te- to -minu te)  l o a d  v a r i a t i o n s  w h i l e  m i n i m i z i n g  p r o d u c t i o n  c o s t .  Smal le r  
u t i l i t i e s  t y p i c a l l y  commit u n i t s  based on a s imp le  u n i t  o r d e r i n g  scheme, such 
as average heat  r a t e ,  o r  a d d i t i o n a l  c r i t e r i a  based on exper ience.  A p r e d i s -  
pa tch  schedule i s  a l s o  prepared, showing t h e  t imes a t  which t h e  v a r i o u s  u n i t s  
a r e  p u t  on and taken o f f - l i n e  and the  most economical d i v i s i o n  o f  l o a d  among 
genera to rs .  
The u n i t  commitment process f o r  i n te rconnec ted  u t i l i t i e s  e x p l i c i t l y  recogn lzes  
t h e  o p e r a t i n g  g u i d e l i n e s  es tab l i shed  by t h e  Nor th  American E l e c t r i c  R e l i a b i l i t y  
Counc i l -Opera t i ng  Committee (NERC-OC) [32]. These g u i d e l i n e s  h e l p  assure  r e l i -  
a b l e  o p e r a t i o n  of t h e  i n t e r c o n n e c t i o n  by imposing c a p a c i t y  and ra te -o f - response  
c o n s t r a i n t s  on t h e  genera t i on  m i x  committed by t h e  v a r i o u s  members o f  t h e  
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i n t e r c o n n e c t i o n .  I n  p a r t i c u l a r ,  t h e  g u i d e l i n e s  r e q u i r e  t h a t  t h e  g e n e r a t i n g  
u n i t s  ass igned t o  r e g u l a t i n g  du ty  have s u f f l c l e n t  c a p a c i t y  and ramp r a t e  t o  
q u i c k l y  c o r r e c t  the genera t i on / l oad  mismatches r e s u l t i n g  f rom random m l n u t e - t o -  
minu te  f l u c t u a t i o n s  i n  l oad .  I n  a d d i t i o n ,  o p e r a t i n g  reserves  I n  t h e  fo rm o f  
rese rve  g e n e r a t i o n  c a p a c i t y  a r e  r e q u i r e d  t o  cover  t h e  u n c e r t a i n t y  i n  t h e  l oad  
f o r e c a s t  as w e l l  as t o  p r o v i d e  f o r  t h e  p o s s i b i l i t y  o f  a major  cont ingency  
d u r i n g  o p e r a t i o n  such as t h e  f o r c e d  outage of t h e  l a r g e s t  g e n e r a t i n g  u n i t .  
Non ln te rconnected  u t i l i t i e s  do n o t  n e c e s s a r i l y  conform t o  t h e  NERC-OC o p e r a t i n g  
g u i d e l i n e s  b u t  may have t h e i r  own r e l i a b i l i t y  c o n s t r a i n t s  b u i l t  i n t o  t h e  u n i t  
commitment f u n c t i o n .  
When wind t u r b i n e s  a re  added t o  t h e  g e n e r a t i o n  m i x ,  t h e  conven t iona l  u n i t s  must 
supp ly  o n l y  t h e  "equ iva len t  l oad"  which i s  t h e  t o t a l  system load  l e s s  t h e  n e t  
g e n e r a t i o n  f r o m  the wind. I d e a l l y ,  t h e  impact  o f  wind g e n e r a t i o n  on o p e r a t i o n s  
p l a n n i n g  i s  s imp ly  t o  s h i f t  t h e  u n i t  commitment process t o  deve lop  an o p e r a t i n g  
s t r a t e g y  t o  f o l l o w  t h e  p r e d i c t e d  e q u i v a l e n t  l oad  r a t h e r  than t h e  t o t a l  system 
load .  Th is  requ i res  t h e  a b i l i t y  t o  f o r e c a s t  h o u r l y  wind g e n e r a t i o n  schedules 
and minute- to-minute v a r i a t i o n s ,  t w e n t y - f o u r  hours i n  advance. Assuming t h a t  
t h e  wind genera t i on  i s  u n c o n t r o l l e d ,  t h e  behav io r  o f  t h e  e q u i v a l e n t  l o a d  may 
d i f f e r  s h a r p l y  f r o m  t h a t  o f  t h e  t o t a l  load .  Consequently, t h e  s o l u t i o n  t o  t h e  
u n i t  commitment problem may change d r a m a t i c a l l y  w i t h  r e s p e c t  t o  t h e  t y p e  and 
q u a n t i t y  of convent iona l  g e n e r a t i o n  t h a t  i s  committed. A number o f  p o t e n t i a l  
d i f f e r e n c e s  i n  t h e  outcome o f  t h e  u n i t  commitment process between t h e  w i t h  and 
w i t h o u t  wind cases can be d iscussed i n  t h e  c o n t e x t  o f  E x h i b i t  4-2  which shows 
a h y p o t h e t i c a l  load p r o f i l e  over a two day p e r i o d  w i t h  and w i t h o u t  wind gener-  
a t i o n .  The f i g u r e  a l s o  d i s p l a y s  those p o r t i o n s  o f  t h e  l o a d  which would be 
served by baseload,  i n t e r m e d i a t e  and peak ing  u n i t s .  
EOUIVALENT SYSTEM LOAD PROFILE FOR A SIGNIFICANT 
AMOUNT OF WIND ELECTRIC GENERATION (PENETRATION 
DURING PEAK PERIOD IS 13.8%) 
SYSTEM LOAO PEAK LOAD UNITS 
EOUIVALENT LOA0 REGULATION B E C O N W I C  
DISPATCH UNITS 
BASE LOAO UNITS 
6 I2 (8  24 6 12 
NOON MIDNIGHT NOON W R S  
EXHIBIT 4-2 Hypothetical Generation Dispatch with Wind 
Generation Against 48 Hours of Load Demand 
Assuming t h a t  t h e  wind t u r b i n e s  a r e  never  a l l owed  t o  motor ,  t h e  e q u i v a l e n t  l oad  
w i l l  always be l e s s  than o r  equal t o  t h e  t o t a l  l oad .  Thus, i t  may be p o s s i b l e  
t o  commit l e s s  convent iona l  g e n e r a t i n g  c a p a c i t y  when wind g e n e r a t l o n  I s  
i nc luded .  Reducing t h e  conven t iona l  c a p a c i t y  commitment w i l l  depend on t h e  
a b i l i t y  t o  a c c u r a t e l y  f o r e c a s t  t h e  t i m e  o f  a v a i l a b i l i t y  o f  wind power o r  on t h e  
u t i l i t y  hav lng  ample q u i c k - s t a r t  genera t i on .  
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l h e  u n c e r t a i n t y  i n  f o r e c a s t i n g  the t o t a l  load  and wind g e n e r a t i o n  w i l l  combine 
such t h a t  t h e  u n c e r t a i n t y  i n  t h e  equ iva len t  l oad  w i l l  always be g r e a t e r  than 
the  u n c e r t a i n t y  i n  the  t o t a l  load .  Consequently, o p e r a t i n g  reserves  t o  cover  
load f o r e c a s t  u n c e r t a i n t y  w i l l  be l a r g e r  when wind g e n e r a t i o n  i s  added. 
I t  may f r e q u e n t l y  happen t h a t  load  inc reases  (decreases)  a r e  c o i n c i d e n t  w i t h  
wind g e n e r a t i o n  decreases ( i n c r e a s e s ) .  Consequently, t h e  m i n u t e - t o - m i n u t e  ramp 
r a t e s  i n  the  e q u i v a l e n t  l oad  w i l l  be l a r g e r  than t h a t  o f  t h e  t o t a l  l oad .  Th is  
w i l l  s h i f t  t h e  u n i t  commitment away f rom s low respond ing  economic u n i t s  towards 
l e s s  e f f i c i e n t  r e g u l a t i n g  u n i t s  w i t h  a f a s t e r  response r a t e .  A s  t he  pene t ra  
t i o n  o f  wind genera t i on  inc reases  the  s h i f t  o f  t h e  u n i t  commitment towards more 
r e g u l a t i n g  c a p a c i t y  w i l l  become e v e r  more apparent  as shown i n  E x h i b i t  4 - 3 .  
l h e  i n c r e a s e  i n  s h o r t - t e r m  load f o l l o w i n g  requ i rements  imposed on conven t iona l  
u n i t s  by the  i n t e r m i t t e n t  n a t u r e  o f  t h e  wind has s i g n i f i c a n t  p o t e n t i a l  t o  
reduce t h e  economic va lue  o f  wind genera t i on .  
I f  wind g e n e r a t i o n  i s  t o  be f u l l y  i n t e g r a t e d  i n t o  o p e r a t i o n s  p lann ing ,  i t  i s  
necessary t o  be a b l e  t o  a c c u r a t e l y  f o r e c a s t  h o u r l y  wind g e n e r a t i o n  schedules 
and expected m inu te  to -m inu te  v a r i a t i o n s  i n  wind power t w e n t y - f o u r  hours i n  
advance. Two r e c e n t  s t u d i e s  have proposed techn iques  t o  p r o v i d e  such f o r e c a s t s  
[ 3 3 , 3 4 ] .  However, these techniques have n o t  been comp le te l y  developed o r  v e r i -  
f i e d  on r e a l  da ta .  One s tudy  has shown t h a t  t h e  a b i l i t y  t o  a c c u r a t e l y  f o r e c a s t  
h o u r l y  wind power va lues twen ty - fou r  hours I n  advance can inc rease  t h e  va lue  o f  
wind genera t i on  by as much as twenty pe rcen t  over  t h e  case o f  no f o r e c a s t i n g  
c a p a b i l i t y  whatsoever [ 3 5 ] .  A second s tudy  has shown t h a t  o v e r l y  p e s s i m i s t i c  
assumptions about  t h e  s h o r t  t e r m  ra te -o f -change i n  wind g e n e r a t i o n  can f o r c e  
the  u n i t  commitment t o  p l a c e  so much low e f f i c i e n c y  r e g u l a t i o n  o n - l i n e  as t o  
s e r i o u s l y  degrade o p e r a t i n g  economics [30 ] .  
4 . 2 . 2  Real l i m e  Operat lons 
The d a i l y  r e a l  t i m e  ope ra t i ons  problem f o r  modern e l e c t r i c  u t i l i t i e s  i s  t o  
c o n t i n u o u s l y  a d j u s t  t h e  system genera t ion  t o  f o l l o w  t h e  system load  w h i l e  
m i n i m i z i n g  o p e r a t i n g  cos ts .  Balance between g e n e r a t i o n  and load  i s  ach ieved 
th rough  t h e  combined a c t i o n s  o f  speed governors on i n d i v i d u a l  g e n e r a t i n g  u n i t s  
( f requency  r e g u l a t i o n )  and a c losed loop  au tomat ic  g e n e r a t i o n  c o n t r o l  ( A G C )  
system which performs l o a d  frequency c o n t r o l  ( r e g u l a t i o n )  and economic 
d i s p a t c h .  
When u n c o n t r o l l e d  wind g e n e r a t i o n  i s  u t i l i z e d ,  t h e  p r i m a r y  concern i n  r e a l  
t ime  opera t i ons  i s  t h e  a b i l i t y  o f  t he  conven t iona l  r e g u l a t o r s  t o  m a i n t a i n  
genera t i on / l oad  balance i n  t h e  presence of t h e  f l u c t u a t i n g  power i n j e c t e d  i n t o  
t h e  u t i l i t y  network by a WPS. A d e f i c i e n c y  i n  r e g u l a t i n g  c a p a b i l i t y  may r e s u l t  
i n  l a r g e  frequency excurs ions  ( i n  i s o l a t e d  u t i l i t i e s )  and/or  i n  excess ive  t i e -  
l i n e  power excurs ions  ( i n  i n te rconnec ted  u t i l i t i e s ) .  Large f requency and/or 
t i e - l i n e  power f l o w  d e v i a t i o n s  may r e s u l t  i n  o b j e c t i o n a b l e  c y c l i n g  o f  genera to r  
governors,  p o s s i b l e  synchronism problems among genera to rs ,  induced network 
v o l t a g e  v a r i a t i o n  and cause degraded performance o f  i n t e r c o n n e c t e d  loads t h a t  
can be de tec ted  by customers. Such problems w i l l  be avo ided i f  t h e  u n i t  com- 
mi tment  has p rov ided  enough r e g u l a t i n g  C a p a b i l i t y  i n  t h e  fo rm o f  s p i n n i n g  
reserve ,  un loadab le  genera t i on  and r e g u l a t i n g  u n i t  ramp r a t e  t o  f o l l o w  t h e  
m inu te - to -m inu te  v a r i a t i o n  o f  t h e  e q u i v a l e n t  l oad .  E x h l b i t  4 - 4  shows t h e  
s p i n n i n g  rese rve  and un loadab le  genera t i on  requ i rements  w i t h  and w i t h o u t  wind 
genera t i on .  
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EXHIBIT 4-4 Spinning Reserve and Unloadable Generation 
Requirements for Load-Frequency Control by 
Regulation Units 
I n  t h e  f i g u r e ,  i t  i s  understood t h a t  t h e  s p i n n i n g  r e s e r v e  i s  t h e  i nc rease  i n  
g e n e r a t i o n  t h a t  t h e  r e g u l a t o r s  can p rov ide  i n  some p r e s c r i b e d  amount o f  t i m e  
(such as t e n  m i n u t e s ) .  S i m i l a r l y ,  un loadable g e n e r a t i o n  i s  t h e  amount by wh ich  
conven t iona l  o u t p u t  can be decreased i n  t h e  same t i m e  frame. 
An i n t e r c o n n e c t e d  u t i l i t y  can depend on i t s  t i e  l i n e s  f o r  a t  l e a s t  a p o r t i o n  o f  
any wind induced mismatch between genera t i on  and load .  However, an i s o l a t e d  
u t i l i t y  must i n s t a n t a n e o u s l y  contend w i t h  i t s  own g e n e r a t i o n / l o a d  Imbalance. 
Thus, t h e  r e g u l a t i n g  problems imposed on i s o l a t e d  u t i l i t i e s  by i n t e r m i t t e n t  
wind g e n e r a t i o n  may be p a r t i c u l a r l y  acute.  To f u r t h e r  c o m p l i c a t e  ma t te rs ,  
i s o l a t e d  u t i l i t i e s  a r e  f r e q u e n t l y  s m a l l ,  have ve ry  s imp le  load- f requency  con- 
t r o l  systems and p r o v i d e  r e l a t i v e l y  l i t t l e  s p i n n i n g  rese rve .  Such u t i l i t i e s  
may have a s i n g l e  g e n e r a t i n g  u n i t  which rep resen ts  f i f t y  pe rcen t  o r  more o f  
o n - l i n e  c a p a c i t y .  To p r o v i d e  sp inn ing  rese rve  t o  account  f o r  t h e  f o r c e d  outage 
o f  such a l a r g e  u n i t  would have an enormous economic p e n a l t y ,  and such reserves  
a r e  g e n e r a l l y  n o t  p rov ided .  Load whose ramp r a t e  c a p a b i l i t y  i s  j u s t  s u f f i c i e n t  
t o  f o l l o w  normal minu te- to -minu te  load v a r i a t i o n s .  I n t r o d u c i n g  s i g n i f i c a n t  
wind g e n e r a t i o n  p e n e t r a t i o n s  i n t o  such systems may r e s u l t  i n  f r e q u e n t ,  l a r g e  
and o b j e c t i o n a b l e  excu rs ions  i n  network f requency .  The development o f  WPS 
power c o n t r o l s ,  as o u t l i n e d  i n  Sec t ion  3.0, would g r e a t l y  enhance t h e  a p p l i c a -  
b i l i t y  o f  l a r g e  wind p e n e t r a t i o n  scenar ios i n  i s o l a t e d  systems. Such develop-  
ment would be ve ry  t i m e l y  g i v e n  t h e  number o f  h i g h  p e n e t r a t i o n  scenar ios  
proposed i n  t h e  Hawaiian I s l a n d s .  
A c r i t i c a l  o b s e r v a t i o n  i s  t h a t  t h e  impact o f  wind g e n e r a t i o n  on r e a l  t i m e  
o p e r a t l o n  i s  h e a v i l y  dependent on the  sho r t - te rm t i m e  ra te -o f -change o f  t h e  
aggregate wind power ou tpu t .  
evo lved t o  a c c u r a t e l y  determine th is  ra te -o f -change.  S tud ies  conducted thus  
f a r  have cons idered opera tqona l  impacts based on ad hoc models o f  wind power 
To date,  no comp le te l y  accepted method has 
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v a r i a t i o n  [18,29,36,37] o r  on d e t e r m i n i s t i c  models assoc ia ted  w i t h  ma jor  
m e t e o r o l o g i c a l  events such as w o r s t  case s to rm f r o n t s  [38 ] .  Desp i te  t h i s  
inadequacy, i t  i s  f a i r l y  w e l l  accepted t h a t  o p e r a t i n g  impacts  o f  wind genera- 
t i o n  w i l l  become n o t i c e a b l e  f o r  p e n e t r a t i o n  l e v e l s  on t h e  o rde r  o f  f i v e  p e r c e n t  
o f  c o n v e n t i o n a l  capac i t y  ( r o u g h l y  t h e  s p i n n i n g  r e s e r v e  l e v e l  c a r r i e d  by ,many 
u t i l i t i e s ) .  Above the f i v e  p e r c e n t  p e n e t r a t i o n  l e v e l ,  t h e  economic va lue  o f  
power g e n e r a t i o n  f r o m  t h e  wind beg ins  t o  r a p i d l y  decrease due t o  t h e  i nc reased  
s h o r t - t e r m  l o a d  f o l l o w i n g  requ i rements  imposed by wind t u r b i n e s  o p e r a t i n g  as 
u n c o n t r o l l e d  genera t i on  [30 ] .  
ex tend ing  t h e  acceptab le  p e n e t r a t i o n  o f  wind g e n e r a t i o n  and m i t i g a t i n g  t h e  
o p e r a t i n g  impacts  o f  h i g h  wind p e n e t r a t i o n  scenar ios :  
A number o f  methods have been proposed f o r  
o WPS c o n t r o l  s t r a t e g i e s  [21,29], 
o Adap t i ve  u n i t  commitment [39] ,  
o New wind t u r b i n e  genera to r  des igns ,  such as var iab le -speed,  
cons tan t - f requency  c o n f i g u r a t i o n s ,  
o Shor t - te rm s to rage,  
o M o d i f i c a t i o n  o f  conven t iona l  power p l a n t  des ign  t o  p r o v i d e  h i g h e r  
response r a t e s ,  and 
o I n t e g r a t i n g  wind t u r b i n e  o p e r a t i o n  w i t h  d i r e c t  customer l o a d  c o n t r o l .  
The WPS c o n t r o l  s t r a t e g l e s  developed i n  [29 ]  were p r e d i c a t e d  on c l u s t e r s  o f  
megawatt c l a s s  wind t u r b i n e s  w i t h  s o p h i s t i c a t e d  b lade  p i t c h  c o n t r o l  mechanisms 
t h a t  c o u l d  be coord ina ted  w i t h  wind v e l o c i t y  p r e d i c t i o n s  t o  smooth a r r a y  o u t -  
p u t .  S i m u l a t i o n  scenar ios u s i n g  t h i s  approach have suggested t h a t  wind gener-  
a t l o n  p e n e t r a t i o n  o f  up t o  twenty  pe rcen t  may be a l l owed  w i t h o u t  degraded 
o p e r a t i n g  performance. Whi le  t h e  t e c h n i c a l  f e a s i b i l i t y  o f  WPS c o n t r o l  has been 
c o n c e p t u a l l y  demonstrated, an economic assessment o f  t h e  method has n o t  been 
a t tempted.  There are  a number o f  concerns w i t h  r e s p e c t  t o  t h e  techn ique .  I n  
p a r t i c u l a r ,  t he  p r a c t i c a l  d e t a i l s  o f  imp lementa t ion  have n o t  been worked o u t ,  
and perhaps most i m p o r t a n t l y ,  o b j e c t i o n a l  s t r u c t u r a l  l o a d i n g  o f  t h e  wind t u r -  
b ines  may r e s u l t  f r o m  t h e  i nc reased  b lade  p i t c h  a c t i v i t y .  The i d e a  o f  smooth- 
i n g  WPS power p roduc t i on  th rough c o n t r o l l e d  s ta r tup /shutdown of u n i t s  may be 
f e a s i b l e  and p r e f e r a b l e  t o  coordina.ted b lade  p i t c h  c o n t r o l ;  b u t  t h i s  p o s s i -  
b i l i t y  has n o t  been exp lo red .  
The m o d i f i e d  u n i t  commitment techn ique [39 ]  assumed t h a t  i t  may never  be p rac -  
t i c a l  t o  a c c u r a t e l y  f o r e c a s t  wind g e n e r a t i o n  t w e n t y - f o u r  hours I n  advance. An 
a l t e r n a t i v e  approach i s  t o  make t h e  u n i t  commitment more f l e x i b l e  by m o d i f y i n g  
I t  o n - l i n e  us ing  sho r t - te rm (and presumably more accu ra te )  p r e d i c t i o n s  o f  wind 
power. A l though t h i s  approach may be a t t r a c t i v e  t o  some u t i l i t i e s ,  i t  r e q u i r e s  
conven t iona l  q u i c k - s t a r t  u n i t s  capable o f  s t a r t u p  and s y n c h r o n i z a t i o n  on an 
h o u r ' s  n o t i c e .  Not  a l l  u t i l i t i e s  would have t h i s  c a p a b i l i t y  o r  f i n d  such an 
o p e r a t i  ng mode a t  t rac t i  ve. 
The development o f  v a r i a b l e  speed genera to rs  f o r  w ind  t u r b i n e  a p p l i c a t i o n s  i s  
r e c e i v i n g  cons iderab le  a t t e n t i o n .  Such u n i t s  may reduce t h e  v a r i a b i l i t y  of  
wind power p roduc t i on  th rough r o t o r  a c c e l e r a t i o n  and d e c e l e r a t i o n  d u r i n g  
f l u c t u a t i n g  wind c o n d i t i o n s .  The research  r e s u l t s  on t h i s  techno logy  a r e  
p romis ing  b u t  h i g h l y  t e n t a t i v e  a t  p resen t  [3,12,13,40]. 
34 
Short term storage, design of fast responding and efficient conventional units 
and the use of load control have not received any attention in the literature. 
These techniques may be worthy of assessment should more straight forward WPS 
control strategies prove too costly. 
A second critical observation i s  that almost all forms of WPS controls for 
smoothing output power would require short term prediction of wind velocity or 
wind power. Such predictlons could be based on on-line measurements o f  wind 
speed over the geographic region of the WPS. The successful demonstration o f  
the ability to develop such predictions and their value to real time operation 
has been hindered by a lack of coincjdent wind speed data over an area o f  
reasonable proportions. The feasibility of collecting such data may be greater 
now than ever due to the significant number of commercial WPSs being developed 
in the western U.S .  
5.0 SUMMARY 
The basic function of an electric utility is to provide reliable, low cost, 
high-quality electric power to consumers on demand. Wind turbines have signif- 
icant potential to displace conventional generation capacity and fuels and 
improve the economics of electric power systems. To realize this potential it 
i s  necessary to develop wind energy technologies which are compatible with 
utility reliability and power quality requirements. 
Significant progress has been made in recent years in developing candidate wind 
technology systems and defining the problems of integrating wind energy systems 
into the electric utility environment. This report has endeavored to summarize 
the status and unresolved issues in the development of wind energy systems for 
electric utility interconnection wlth respect to: wind turbine design and 
machine controls, WPS interconnection and control, and power system planning 
and operations. Specific areas for future investigation are summarized below: 
Wind Turblne Design and Machine Controls 
o Develop alternatives to blade pitch control; 
o Develop advanced turbine controls to reduce drive train stresses; 
o Optimize electrical generator designs for wind turbine applications; 
o Develop improved variable speed electronics for greater reliability, 
extended range o f  rotor speed variation, lower harmonic production 
and greater range o f  reactive power control; and 
o Develop models o f  advanced power converters to aid analysis, design 
and simulation. 
WPS Interconnection and Control 
o Develop algorithms for controlling WPS power production profiles; 
o Examine intra-station dynamic phenomena more thoroughly through 
s imul at i on ; 
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o Analyze alternative configurations for WPS power collection such as 
DC; 
o Develop low cost protection and safety equipment; and 
o Develop control strategies for WPS following faults which do not 
involve extended outage of the wind generation. 
Planning and Operations 
o Increase basic understanding of aggregate wind power production 
profiles leading to accurate models for hour-to-hour and 
minute-to-minute variations; 
o Use field measurements of the short term time rate-of-change o f  wind 
generation from existing WPSs to validate wind power production 
profile models; 
o Develop wind power forecasting techniques for operations planning 
(unit commi tment) ; 
o Develop wind power predjction techniques for application in 
controlling WPS power production during real time operations; and 
o Develop comprehensive planning techniques for intermittent sources o f  
generation. 
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